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Phytophthora capsici is a devastating pathogen capable of infecting important crops 
worldwide. Disease in the field can lead to eradication of crops and large financial 
losses if left untreated. Current diagnosis of the pathogen from the field is time 
consuming, difficult and requires highly trained specialists to handle and process 
samples. A more efficient diagnosis method is needed to ensure farmers can 
effectively maintain and manage their crops. 
Working with recently isolated P. capsici strains from the field is beneficial for both 
phytopathologists and plant breeders to identify the mechanisms used by the 
pathogen to cause infection and to develop resistant, commercial crops. To bridge the 
gap between laboratory and field knowledge, successful diagnosis and isolation of the 
pathogen are necessary. 
A genome of a single isolate of P. capsici has been sequenced and is publicly 
available. I have used this genome – as well as sequencing three other field isolates 
using three different sequencing technologies – to use a genomics approach to 
address the diagnostic issues that are currently faced.  
Here, I have employed two bioinformatic pipelines to aid the diagnosis effort to 
diagnose P. capsici from the field. The first (OEDs), designs diagnostic primers that 
are species-specific; and the second (PDP), designs primers that can discriminate 
within the species, resulting in isolate-specific primers.  
I conclude that both pipelines can design discriminatory diagnostic primers, but more 
sequence data and validation are required to substantiate these claims. These 




Chapter 1: General Introduction 
 
Plant pathogens have devastated crops from the dawn of domesticated farming 
(Stukenbrock and McDonald, 2008). Numbers of plant pathogenic organisms have 
increased over time with the appearance of novel crop varieties and improved 
detection methods (Tewari, 2018). Today, multi-billion dollar losses are incurred each 
year by plant pathogens that infect and cause disease on important food crops 
worldwide (Tewari, 2018). With the human population predicted to rise to more than 9 
billion by 2050, providing enough food by sustainable farming methods will be of 
extreme importance (Quentin Grafton, 2015). Therefore, it is essential that disease 
outbreaks are efficiently managed to prevent largescale crop losses and famine. In 
order to supply enough food, existing farmlands and fields need to be utilised more 
efficiently to minimise the risk of potential pathogenic outbreaks.  
Plants have co-evolved a symbiotic relationship with soil microbes in order to survive 
(Selosse and Rousset, 2011). Symbiosis has been key for the transferal of important 
compounds through the root system for millions of years. For example, nitrogen and 
phosphorus uptake can be aided by rhizobia bacteria and mycorrhizal fungi 
respectivley, to convert it into a form that the plants can utilise (Morgan, 2013). 
However, not all microbial interactions are beneficial to the host. Various bacteria, 
viruses, fungi and oomycetes can cause disease in plants. As a result of these 
interactions, plants are under a fluctuating selection pressure. The pathogen also has 
to adapt to overcome the host immune system in order to survive and proliferate, 
resulting in a host-pathgen arms race.  
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 1.1 Oomycetes: An important group of animal and plant pathogens 
Oomycetes are eukaryotic organisms that grow using a filamentous, hyphal network 
and have the ability to form water and airborne spores (Jiang and Tyler, 2012). 
Oomycetes were long considered to be fungi until the mid-20th century (1967) as 
molecular and morphological techniques improved (McCarthy and Fitzpatrick, 2017, 
Arx, 1967). These methods and further studies have classified oomycetes as to being 
more closely related to brown algae and diatoms in the Stramenopiles phylum, rather 
than fungi.  
The Stramenopile kingdom contains algae and the oomycetes. While several 
oomycete species play key ecological roles in decomposing organic matter, others 
have pathogenic life styles, invading animal and plant species (Lamour et al., 2007, 
Kamoun, 2003). For example, Saprolegnia parasitica infects fresh water fish, where it 
completes the majority of its lifecycle. Pythium insidiosum is an important pathogen of 
mammals causing pythiosis dogs, horses and immunocompromised people (van 
West, 2006, De Cock et al., 1987, Gaastra et al., 2010). 
The majority (>60%) of the 800 known oomycete species are capable of causing 
disease in plants (Restrepo et al., 2014, Thines and Kamoun, 2010). Over 100 of these 
species belong to the Pythium genus (Kamoun, 2003). An aggressive Pythium species 
that causes multiple diseases on plants is P. aphanidermatum. This pathogen can 
cause root rot, seedling rot, damping-off cottony blight and stalk rot on a wide range 
of hosts including soybean, cucumber and pepper (Johnstone et al., 2005, Postma, 
2009, Rosso, 2008).  Current Pythium research is focussed on finding a suitable and 
effective biological control management strategy (Parveen, 2015). However, the most 
notable oomycete plant pathogens belong to the Phytophthora genus. 
17 
 
1.2 Phytophthora: Notable oomycete pathogens 
Members of the Phytophthora genus rank amongst the most devastating oomycete 
pathogens. The most recent phylogenetic analysis within the Phytophthora genus, 
suggests that 142 known and 43 provisionally named Phytophthora species have been 
identified and characterised worldwide to date (Yang et al., 2017). Phytophthora spp. 
can infect the majority of dicots including a variety of important crops and several 
monocots (Lamour et al., 2007, Lamour et al., 2012b, Kamoun, 2003). The host range 
for many Phytophthora species is diverse and can result in a variety of diseases. For 
example, Phytophthora ramorum strains can cause sudden oak death on oak trees 
and also leaf blight on woody ornamentals (Grunwald et al., 2008). There is currently, 
no effective treatment for P. ramorum disease in the field with resistance to fungicides 
reported (Rizzo et al., 2005). One management method used is the removal of infected 
and surrounding hosts to prevent further spread of the disease. The most notable 
Phytophthora species is P. infestans. Phytophthora infestans was the pathogen that 
was responsible for causing the infamous potato famine in the mid-19th Century, where 
millions of Irish and mainland European humans died (Ristaino, 2002). Other 
examples of Phytophthora species include P. sojae which infects soybean causing 
root rot (Tyler, 2007), P. kernoviae causes necrotic lesions on trees and wild flowers 
(Brasier et al., 2005) and P. cactorum infects an extremely wide range of hosts 
including trees, wild flowers and fruit crops causing collar rot and root rot (Hantula, 
2000, Plich, 1979). 
1.3 Phytophthora reproduction and infection cycle 
All Phytophthora species have a hemi-biotrophic lifecycle, having two distinct infection 
stages – biotrophy then necrotrophy (Irwin et al., 1997). The biotrophic stage occurs 
during the initial stages of infection where the pathogen survives on living tissue 
18 
 
without any disease symptoms (Lamour et al., 2012b). The necrotrophic phase is 
where the infected cells are killed and the pathogen proliferates (Lamour et al., 2012b). 
Many species within the Phytophthora genus can reproduce sexually, asexually or 
both. Sexual reproduction in Phytophthora requires two mating types, A1 and A2 
(Lamour et al., 2012b). When both mating types are in close proximity, male and 
female gametangia are formed (antheridia and oogonia respectively). Thick walled 
oospores are formed after fertilisation and can survive in the soil and in harsh 
conditions for long periods of time. When conditions are favourable, the oospores 
germinate producing sporangia.  
In the absence of the two mating types, or when only one is present, Phytophthora 
reproduce asexually. The sporangia can infect hosts directly, or when dislodged by 
rain water or irrigation, release ~30 motile zoospores. Zoospores are asexual motile 
spores that are chemotactically attracted to plant tissue (Babadoost, 2004). Examples 
of chemo-attractants are sugars, amino acids, alcohols and phenolic compounds 
(Hardham, 2001). Two flagella aid zoospores to actively swim towards the intended 
host. An anterior flagellum pulls the zoospore and a posterior flagellum acts as a 
rudder (Hardham, 2001). Glycoproteins are used by the zoospore to physically adhere 
to the host surface (Hardham, 2007). 
When the zoospores adhere to the host, the flagella are removed and the appearance 
of a cell wall develops around the zoospore, creating a cyst (Hardham, 2001). These 
cysts produce a germ tube and then differentiate into appresoria structures that can 
penetrate the epidermal layer or produce new sporangia on the surface in favourable 
conditions (Figure 1.1.A) (Grenville-Briggs et al., 2005, Lamour et al., 2012b). The 
resulting sporangia can release zoospores, or infect directly, thus completing the 




1.4 The host response to Phytophthora infection 
Plants continually interact with pathogenic microbes in or around their environment 
and require the ability to recognise potential threats and combat them when under 
attack to prevent infection. This complex signalling network is regulated by multiple 
phytohormones including jasmonic acid and salicylic acid (Denance et al., 2013). Host 
membrane bound pathogen recognition receptors (PRRs) detect the presence of 
pathogenic organisms by microbe or pathogen-associated molecular patterns 
(MAMPs/PAMPs) such as flagellin in bacteria, β-Glucans in fungi and 
transglutaminase in oomycetes (including Phytophthora) (Nurnberger et al., 2004, 
Dodds and Rathjen, 2010, Jones and Dangl, 2006). Once the pathogen has been 
detected by the host, or host cells have been damaged, signals are sent to initiate the 
first line of host immunity, PAMP triggered immunity (PTI). PTI events include the 
Figure 1.1: Phytophthora infection development: (A) Initial host contact via zoospore to eventual 
development of sporangium on the surface and haustoria penetrating the host cell. (B) In-depth look 





production of reactive oxygen species (ROS), ion fluxes, transcriptional 
reprogramming and MAP-kinase activation in order to inhibit or slow down the 
pathogen (Chaparro-Garcia et al., 2015). Receptor like proteins/kinases (RLP/RLK) 
regulate PTI. For example, The RLK, BAK1 (brassinosteroid insensitive 1-associated 
kinase 1) modulates PTI in Arabidopsis thaliana and Nicotiana benthamiana during P. 
infestans infection. Silencing of BAK1 in these hosts saw an increase in susceptibility 
(Chaparro-Garcia A, 2011). Many plant pathogens including Phytophthora spp. can 
overcome PTI by attacking the PTI signalling pathways or by synthesising their own 
phytohormones or toxins (Ma and Ma, 2016). Once PTI is overcome, the pathogen 
can proliferate. 
1.5 Effector proteins – The pathogen’s arsenal for causing infection 
Once the epidermal layer of the host has been breached by Phytophthora, mycelium 
grows intercellularly into the mesophyll layer in the form of hypha. Hyphae protrude 
into the host cells where haustoria are produced (Figure 1.1.B) (Avrova et al., 2008). 
Thought to be secreted at the haustorial interface, effectors are pathogen proteins that 
manipulate host biology to enable pathogen proliferation (Wang et al., 2018). Amongst 
other things, these effector proteins can inhibit or suppress the plant immune response 
resulting in effector triggered susceptibility. However, in response to the detection and 
recognition of these effectors by host resistance proteins (R proteins) the second layer 
of plant immunity – effector triggered immunity (ETI) – is initiated often resulting in 
programmed cell death, or a hypersensitive response (HR).  
A number of models are described for the perception of pathogen effectors; the gene-
for-gene hypothesis, where R proteins or nucleotide-biding site, leucine rich repeat 
(NB-LRR) proteins directly or indirectly target the effector (Chisholm et al., 2006, 
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Dodds and Rathjen, 2010). The guard hypothesis describes where R proteins monitor 
the targets of effectors and, if perturbed, trigger the host immune response (van der 
Hoorn and Kamoun, 2008). In Arabidopsis, the phosphorylation of a plasma-
membrane bound protein, RIN4, by AvrRpm1 and AvrB (two unrelated bacterial 
effectors) is thought to activate the NB-LRR protein, RPM1 (Jones and Dangl, 2006).  
The decoy model postulates that some effectors may have multiple targets within the 
host, but some targets act as decoys. Once the effector binds to the decoy, if an R 
protein is present, this will result in an immune response, but if there is no R protein 
present, the pathogen does not proliferate, nor does it initiate an immune response  as 
it is trapped in a recognition event (van der Hoorn and Kamoun, 2008). The tomato R 
protein, Cf-2 targets the fungal Cladosporium fulvum effector, Avr2 – a protease 
inhibitor. A host protease, RCR3, acts as a decoy for the effector by trapping it into a 
recognition event (Shabab et al., 2008, van der Hoorn and Kamoun, 2008). If Cf-2 is 
present, a cell death immune response is triggered (Shabab et al., 2008). 
However, pathogens can respond by secreting bodyguard decoy effectors to protect 
the virulent effectors. For instance, during P. sojae infection on soybean, a secreted 
effector protein in the apoplast, xyloglucan-specific endoglucanase (PsXEG1) is 
inhibited by a host secreted protein, gluconase inhibitor protein 1 (GmGIP1) (Ma et al., 
2017). In response, the pathogen secretes a PsXEG1 paralog, PsXLP1 that mimics 
PsXEG1 but has no known enzymatic activity (Paulus and van der Hoorn, 2018). This 
bodyguard decoy is thought to protect the effector and its function to interact with the 
host cell wall during infection. 
The study of oomycete effector proteins is a prominent topic in current plant pathology 
research. Functional genomics and bioinformatic studies have identified a large array 
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of effector proteins from multiple pathogens including Phytophthora species (Stam et 
al., 2013). There are two distinct classes of effectors – apoplastic and cytoplasmic 
(Kamoun, 2006). Both classes can lead to effector triggered susceptibility (ETS) by 
modifying host signalling and host cellular processes if the plant immune system is 
bypassed  (Howden and Huitema, 2012).  
1.5.1 Apoplastic effectors 
Apoplastic effectors are secreted from the pathogen into the extracellular volume 
between host cells. The host detects these “foreign molecules” and triggers an 
immune response (Doehlemann and Hemetsberger, 2013). Host pathogenesis related 
(PR) enzymes such as proteases, glucanases and chitinases are secreted which have 
been shown to inhibit the function of effectors (Jashni et al., 2015). For example, EPI1 
and EPI10 are kazal-like serine protease inhibitors secreted from P. infestans. These 
effectors bind to the PR serine protease, P69B in the apoplast to prevent the 
Figure 1.2: Modular structures of cytoplasmic effectors, RXLR (A) and CRN (B). Both require a 
signal peptide for secretion from the pathogen, conserved motifs for translocation and an 


















degradation of pathogenic proteins (Tian et al., 2005, Tian et al., 2004, Tornero et al., 
1997). 
1.5.2 Cytoplasmic effectors 
Cytoplasmic effectors are translocated across the haustorial interface into host cells 
by a signal peptide and conserved translocation sequence at the N-terminus (Wang 
et al., 2018). The effector domain at the C-terminus is thought to be responsible for 
pathogenicity. Phytophthora cytoplasmic effectors target specific cellular 
components/mechanisms within the host cell (Boevink et al., 2016, Mafurah et al., 
2015, Stam et al., 2013). There are two distinct classes of cytoplasmic effectors in the 
Phytophthora genus, the RXLRs and the Crinklers (CRNs) (Figure 1.2). 
1.5.3 The RXLR protein family 
The RXLRs are a family of effectors secreted during the early stages of Phytophthora 
infection at the haustorial interface. The RXLRs are named after the conserved Arg-
X-Leu-Arg motif (where X is any amino acid) following from the signal peptide at the 
N-terminus (Figure 1.2.A) (Lamour et al., 2012b, Stam et al., 2013). The pathogenicity 
of the RXLRs is due to the genetically diverse effector domain at the C-terminus. 
RXLRs have been identified in all Phytophthora species sequenced so far (Haas et 
al., 2009). A study in the oomycete pathogen Hyaloperonospera arabidopsis showed 
that RXLRs can localise in different cellular compartments (Caillaud et al., 2012). The 
RXLRs are known to alter host cellular signalling and suppress PTI within the host cell 
(Birch, 2008). Although thought to be translocated at the haustorial interface, the 
mechanism(s) of delivery into the host cell are not fully understood (Wang et al., 2018).  
The RXLR effectors can promote infection as HR inducers (Stam, 2013). RXLR 
interaction with host targets can suppress an immune response. The P. infestans 
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RXLR effector, Pi04314 is upregulated during the biotrophic stage of infection and 
interacts with three host proteins – phosphatase 1 catalytic (PPc1) isoforms. The 
effector re-localises the host proteins from the nucleolus to the nucleoplasm during 
infection. This mitigates the transcriptional response for salicylic acid and jasmonic 
acid which in turn, supresses the host immune response (Boevink et al., 2016). 
The P. infestans Avr3a effector suppresses host immunity by targeting the host 
ubiquitin E3 ligase CMPG1 which is required for cell death (Bos et al., 2010). The R 
protein, R3a, from the host detects Avr3a in hosts which triggers ETI (Armstrong et 
al., 2005). Silencing Avr3a also prevents P. infestans infection (Bos et al., 2010). 
Phytophthora sojae and P. capsici contain AVR3a homologues (Boutemy et al., 2011).  
RXLRs are differentially expressed at different developmental and infection stages 
during Phytophthora capsici infection (Jupe et al., 2013). RXLRs can be classified into 
four groups in regards to time of gene expression. Type I and III are highly expressed 
at the start of infection, where type I has low expression when cysts germinate and 
type III has high expression. Type II and IV are highly expressed during biotrophy (8-
24 hours after infection) where type II are downregulated during necrotrophy (24-72 
hours after infection) and type IV are upregulated during sporulation stage (>72 hours 
after infection) (Jupe et al. 2013). 
1.5.4 The CRN protein family  
First identified in Phytophthora by Torto et al (2003) , another family of effectors that 
are thought to get secreted into the cytoplasm during infection are known as Crinklers 
(CRNs) – named after the CRinkling and Necrosis phenotype observed when the 
proteins are expressed in plant tissue. CRN effectors are characterised by conserved 
LFLAK and DWL domains containing LXLFLAK and HVLVVVP motifs respectively at 
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the N-terminus (Figure 1.2.B) (Jupe et al., 2013, Stam et al., 2013). Similarly to the 
RXLRs, the CRNs contain a signal peptide at the N-terminus that is required for 
translocation into the host cell, although nothing is known about how this is done 
(Schornack et al., 2010). However, we do know that all CRN effectors target the 
nucleus during infection but not all cause cell death, confirming that cell death is not 
always a phenotype to confirm CRN activity (Schornack et al., 2010, Stam et al., 2013). 
The C-terminus of the P. infestans CRN effector, CRN8, shows sequence similarities 
to serine and threonine kinases which shows catalytic activity in planta (van Damme 
et al., 2012). When localised to the host nucleus with the aid of a nuclear localisation 
signal (NLS), CRN8 was shown to enhance virulence and promote cell death (van 
Damme et al., 2012). 
Similarly to CRN8, Mafurah et al. (2015) outlined another CRN effector during P. 
capsici infection that induces cell death. The PcCRN4 effector was also observed to 
localise to the nucleus in host plants in order to function. However, it is not clear how 
CRN effectors, including PcCRN4 localise to the nucleus. Possible suggestions are 
either by an NLS (CRN8) or by an import factor such as importin-α (Schornack et al., 
2010). 
1.6 Phytophthora capsici: A devastating multi-crop pathogen 
Phytophthora capsici was first described in 1922 by Leon H. Leonian, after the 
pathogen had caused devastating damage to a chilli pepper crop in New Mexico four 
years previously (Leonian, 1922). The pathogen has now been identified across the 
globe, mostly in temperate or tropical conditions such as South America and East Asia 
(Sun et al., 2008, Gobena et al., 2012). Phytophthora capsici can infect any area of 
the crop at any stage of growth (Sun et al., 2008).  
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Phytophthora capsici is a filamentous, broad host pathogen, predominantly infecting 
solanaceous and cucurbit crops in fields around the world (Dunn et al., 2014, Gobena 
et al., 2012, Granke et al., 2012). Occasionally, other solanaceous, cucurbit and 
leguminosae crops such as the solanaceous tomato (Kreutzer, 1946) and eggplant 
(Bodine, 1935) the Legumes snap beans (McGrath et al., 2011) and lima beans 
(Davidson et al., 2002) and the cucurbit melon (Tompkins, 1937) have also been 
susceptible to P. capsici in a field environment. However, under laboratory conditions, 
P. capsici can infect a wider range of hosts including carrots, turnips, cauliflower and 
peaches (Granke et al., 2012). 
With the emergence of next generation sequencing (NGS) techniques, omics-enabled 
studies are becoming more common in order to study the genetic make-up and 
mechanisms of Phytophthora spp. (Govers and Gijzen, 2006, Pang et al., 2015). 
According to the National Centre for Biotechnology Information (NCBI), there are 
currently 27 Phytophthora species with sequenced genomes (Table 1.1).  
The sequenced P. capsici isolate LT1534 that is currently used as the reference, was 
produced from mating two strains – LT51 ((A1) isolated from cucumber from Michigan) 
and LT263 ((A2) isolated from pumpkin in Tennessee) (Lamour et al., 2012a). The 
offspring were backcrossed twice with LT263 (A2) resulting in the inbred line LT1534 







Table 1.1 The publicly accessible Phytophthora genomes from the NCBI. 
 
Species Citation of genome publication 
Phytophthora agathidica (Studholme et al., 2016) 
Phytophthora cactorum (Armitage et al., 2018, Grenville-Briggs et al., 2017) 
Phytophthora cambivora (Feau et al., 2016) 
Phytophthora capsici (Lamour et al., 2012a) 
Phytophthora cinnamomi (Studholme et al., 2016, Longmuir et al., 2017) 
Phytophthora citricola (Srivastava, Unpublished) 
Phytophthora colocasiae (Vetukuri et al., 2018a) 
Phytophthora cryptogea (Feau et al., 2016) 
Phytophthora fragariae (Gao et al., 2015, Tabima et al., 2017) 
Phytophthora infestans (Haas et al., 2009) 
Phytophthora kernoviae (Sambles et al., 2015, Studholme et al., 2016, Studholme et al., 2019) 
Phytophthora lateralis (Feau et al., 2016, Quinn et al., 2013) 
Phytophthora litchii (Ye et al., 2016) 
Phytophthora megakarya (Ali et al., 2017) 
Phytophthora multivora (Studholme et al., 2016) 
Phytophthora nicotianae (Liu et al., 2016) 
Phytophthora palmivora (Ali et al., 2017) 
Phytophthora parasitica (Shan and Hardham, 2004) 
Phytophthora pinifola (Feau et al., 2016) 
Phytophthora pisi (Hosseini, Unpublished) 
Phytophthora plurivora (Vetukuri et al., 2018b) 
Phytophthora pluvialis (Studholme et al., 2016) 
Phytophthora ramorum (Tyler et al., 2006) 
Phytophthora rubi (Tabima et al., 2017) 
Phytophthora sojae (Tyler et al., 2006) 
Phytophthora taxon totara (Studholme et al., 2016) 
Phytophthora x alni (Feau et al., 2016) 
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1.7 Field knowledge 
The majority of fundamental Phytophthora research has currently been studied under 
controlled, laboratory conditions. Understanding the molecular mechanisms that 
Phytophthora spp. use to initiate and prolong infection on hosts is important in the ever 
evolving arms-race between pathogen and host. With an increased knowledge on a 
molecular level, the likelihood of developing resistant hosts or an efficient treatment 
increases. However, there is relatively little known about Phytophthora biology and the 
interactions with hosts in a field environment.  
Phytophthora capsici is known to cause damping-off, leaf blight, wilting and root, stem 
and fruit rot in susceptible hosts in a field environment (Granke et al., 2012). Disease 
symptoms are also known to vary on host choice (also within cultivars) and depend on 
the local P. capsici population - some isolates are also more virulent that others (Kim, 
1992, Granke et al., 2012, Silvar et al., 2006). 
Some isolates, including the P. capsici reference isolate, have never been responsible 
for any outbreaks in a field environment. An important part of bridging the gap between 
lab and field knowledge is researching isolates that have been responsible for field 
outbreaks rather than genetically altered and lab derived strains. In order to work with 
these isolates, they first have to be identified in the field and isolated for further 
research. 
1.8 Plant pathogen diagnostics 
Efficient pathogen diagnosis is vital for farmers and crop researchers worldwide. 
However, there is a significant amount of questions that pathologists need to think 
about when diagnosing disease. For example: 
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i) What part of the plant is affected? Is it root derived? Is it localised to a 
particular area?  
ii) Are other plants or other surrounding plant species affected? What is 
the scale of the problem?  
iii) Are there any outstanding abiotic factors to consider? Including drought, 
irrigation, soil pH, soil nutrients, chemical deposits (herbicides or 
pesticides), air pollution, temperature, extreme weather. 
iv) Is there any phenotypic evidence that would suggest which pathogen 
may be the causal agent? Distinctive markings/lesions on infected 
tissues can suggest which group of organisms may be causing disease. 
For example, mosaic patterns on leaves would suggest a viral pathogen 
whereas spore formation on surface tissue would indicate a fungal or 
oomycete pathogen. 
It is crucial that plant pathologists can take all of these factors into consideration before 
arriving at a final conclusion as to what pathogen may be responsible. 
1.9 Current molecular diagnostic methods 
There is a wide range of diagnostic tools for multiple plant pathogens that are available 
to farmers. Some methods include, enzyme-linked immunosorbent assay (ELISA) 
tests, DNA amplification, microscopy, double stranded RNA analysis (Putnam, 1995). 
More recently, on-site DNA sequencing has become a reality with portable Nanopore 
technology (Chalupowicz et al., 2019). The diagnostic method of choice needs to be 
reliable, accessible and workable in order for adoption in an efficient management 
strategy. There is often a trade off in diagnostic tools between sensitivity (the ability to 
identify all incidences of the pathogen) and specificity (the ability to identify particular 
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incidences of a pathogen). Receiver operating characteristic (ROC) curves can 
compare sensitivity and specificity across a range of values to determine the optimal 
cut off values of specificity and sensitivity for clinical diagnostic tests (Florkowski, 
2008). For instance, a test with high specificity and low sensitivity will likely predict 
more positive results for a disease resulting in many false negatives, whereas high 
sensitivity and low specificity will result in many false positives but fewer false 
negatives (Figure 1.3). The accuracy of a diagnostic test is often shown as the area 
under the ROC curve. A higher accuracy results in the values predicted in the test to 
be true.  
 
Figure 1.3. An example of a ROC curve adapted from Skelsey (2017) showing the viability of 
inoculum in fields encompassing Phytophthora infection. There are two lines shown - empirical 
(data) in red and true (binormal) in black. The four blue markers are probability values ranging 
from less strict to most strict. In this instance, the best performing cut off with the highest sums 
of sensitivity and specificity was the triangle (8.0 and 9.1 respectively). The star had a high 
sensitivity (>8.0) but low specificity (<9.1). The other two (circle and square) have low 
sensitivity (<8.0) and high specificity (>9.1). 
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However, diagnostic tools are not always specific and results can sometimes be 
misleading due to false positive or false negative readings. A number of devices are 
on the market to diagnose multiple Phytophthora species. The Department of 
Environment, Food and Rural Affairs (DEFRA) and the Forestry Commission in the 
United Kingdom are currently using portable, lateral flow immunoassay (LFT) devices 
from Pocket Diagnostics® (Kox et al., 2007). Similar to pregnancy tests, these 
handheld tests give a positive or negative result dependent on the presence of a 
particular analyte or antibody in the sample. Whilst it is unclear whether the Pocket 
Diagnostic® LFT can identify P. capsici, studies have shown that further diagnosis is 
needed for an accurate diagnosis, especially on emerging outbreaks (Kox et al., 2007). 
Pocket Diagnostics® are suitable for prescreening – rejecting true negatives – but for 
confirmation of Phytophthora and species identification, further tests are required.  
The current method to diagnose P. capsici disease from the field involves isolating the 
pathogen from infected samples onto media, extracting DNA and using PCR to identify 
a particular region that is presumed to be species-specific. This method is not only 
time consuming and laborious but is very prone to contamination and requires a well 
trained laboratory technician to minimise these errors. The PCR primers are not as 
discriminatory as previously thought due to the amplification of closely related species 
(Chapter 2). 
There is still a desired need for an efficient P. capsici diagnostic tool from both farmers 
and researchers. Farmers will benefit from a timely diagnosis by having more time to 
manage their crops to minimise further infection and reduce further crop losses. 
Researchers and plant pathologists will also have a robust method of diagnosing 
multiple pathogens without the need to isolate and grow the pathogen, saving time, 
resources and money.   
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1.10 Management of disease 
There are three management strategies that farmers can use to prevent spread of P. 
capsici: crop rotation, effectual irrigation and application of chemical compounds.  
Crop rotation is a common method used to try and prevent infection year after year by 
growing different crops annually on the same site – usually followed by a non-host 
resistant crop. However, P. capsici can survive many years in the form of thick walled 
oospores and chlamydospores in the soil and can infect a range of hosts. Therefore, 
rotating the crops is not always effective. 
Effective irrigation can reduce the spread of P. capsici infection. As Phytophthora 
zoospores are chemotactically attracted to plants in water, watering closer to the 
ground will reduce the splash distance therefore reducing the chance of transporting 
zoospores. Also, planting crops underneath cover such as a poly tunnel will protect 
against splashback from rain water. However, this is not always possible for large 
scale farms, especially in developing countries. 
For many years, chemical compounds have been used to treat our crops to eradicate 
pests and diseases in order to maintain high yields. Phytophthora outbreaks in the 
past have been treated with many different chemicals including the phenylamide 
fungicides, metalaxyl and mefenoxam.  
Metalaxyl was used intensively to control a range of oomycete pathogens including 
Peronospora tabacina, Bremia lactucae and Phytophthora spp. (Parra and Ristaino, 
2001). The phenylamide fungicides target polymerase complex 1 in the pathogen 
which inhibits the biosynthesis of ribosomal RNA (rRNA) (Childers et al., 2015). 
However, metalaxyl resistant Phytophthora spp. were quickly detected due to the 
extensive use and the rapid selection of the oomycetes. This prompted the introduction 
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of mefenoxam to manage Phytophthora outbreaks (Parra and Ristaino, 2001). 
Mefenoxam is a more active isoform of metalaxyl at inhibiting rRNA biosynthesis. 
Mefenoxam resistant P. capsici isolates emerged during the 1980s and the use of the 
fungicide reduced subsequently (Childers et al., 2015). The resistance was due to a 
mutation in the large subunit of RNA polymerase 1 in the pathogen (Randall et al., 
2014). 
Pyrimorph – a novel carboxylic acid amine (CAA) based fungicide – has been shown 
to control P. capsici outbreaks and is now patented and used in China and the United 
States of America (Pang et al., 2014). Pyrimorph works by inhibiting cell wall 
biosynthesis and energy production.  
Despite there being no signs of resistance to Pyrimorph in the field as yet, a number 
of resistant isolates of P. capsici have been grown in the lab (Pang et al., 2013). 
However, as there are currently no signs of resistance to Pyrimorph in the field, 
perhaps Phytophthora fungicide research should focus on CAA based rather than 
phenylamide based fungicides. CAA based fungicides inhibit both the cell wall 
synthesis and energy production of many plant pathogens. 
Common practice used in the field to prevent P. capsici infection rely on a combination 
of these methods. Hausbeck (2004) recommends multiple control strategies including 
planting hosts in a well-drained field, in raised beds (if possible), watering 
conservatively, removing rotten fruit, frequently applying fungicides (a combination of 




1.11 Resistance  
Due to the consistent insensitivity observed with multiple fungicides against P. capsici, 
the optimal strategy for managing the disease is further research into developing 
resistant crops (Barchenger et al., 2018). High levels of P. capsici resistance have 
been noted in two crop varieties – Coriollo de Morales 334 pepper line (CM334) and 
LA407 tomato accession (Foster and Hausbeck, 2010). Despite not being commercial 
lines of pepper and tomato, crop breeders are working with these particular lines to 
generate resistant cultivars that farmers and consumers can grow and enjoy. 
Collaborations with pathogen researchers concentrating on field isolates will help 
focus efforts that are relevant to current outbreaks. Working with P. capsici isolates 
taken directly from the field will give breeders a better idea of which varieties to 
develop, saving resources and time.  
1.12 Thesis outline 
This thesis uses a genomic approach to design, develop and diagnose P. capsici 
isolates from the field. Using a combination of whole genome sequencing tools and 
computational biology, species and isolate-specific markers were designed for a range 
of P. capsici isolates for a PCR based diagnosis method.  
In chapter 2, I will discuss the sequencing methodologies and techniques used to 
obtain draft genomes to use for functional genomic studies. I used next generation, 
Illumina MiSeq to sequence three field isolates. Third generation sequencing 
technology to improve the P. capsici reference genome using the MinION (Oxford 
Nanopore Technology). Due to multiple technical issues, PacBio was also used to 




The development and testing of two bioinformatic pipelines will be discussed in 
chapters 2 and 3. Chapter 2 will focus on OEDs – a pipeline that produces species-
specific primers and chapter 3 will focus on PDP – a previously published pipeline that 
produces isolate-specific primers. Both chapters will explain how the pipelines work 
and the wet lab PCR testing of the generated primers with P. capsici isolates and other 
Phytophthora species. 
Chapter 5 focuses on two field trips. The first to Indonesia, where I visited farms across 
the country in search of P. capsici infected pepper plants. Samples were taken back 
to the lab for isolation, where only 1/20 samples were confirmed to be P. capsici. This 
backs-up claims from plant pathologists that P. capsici is difficult to isolate from 
infected material. The single Indonesian isolate was used in a large phenotypic 
infection assay with three other P. capsici isolates during my second trip – to Enza 
Zaden in the Netherlands. 
The phenotype assay was performed on a recombinant inbred line (RIL) of pepper 
plants from a cross between a resistant line (CM334) and a susceptible line (Maor). 
Results indicated that the recently isolated P. capsici isolates (including the Indonesian 
isolate), were far more aggressive in causing disease symptoms in the majority of the 
RIL population compared to the commonly used P. capsici lab isolates (including the 
reference isolate). This prompts questions for future P. capsici research as to what 
isolates should we focus on for genomic and molecular studies. 
Finally, the last chapter will draw all conclusions of this project together and highlight 
the important points from previous chapters. Future research is also discussed in 
context of this project and to bridge the gap between lab and field knowledge in 
regards to P. capsici biology. 
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Understanding the biology of the pathogen, the host and their interaction will help to 
manage and possibly prevent further outbreaks. Identifying how pathogens target 
hosts and cause disease in hosts may indicate how to prevent or suppress 
progression. Likewise, extensive studying of the host immune system during infection 
may indicate what proteins/biochemical pathways are involved that can possibly be 

















Chapter 2: A Bioinformatic Pipeline to Produce Species-
specific Primers for a PCR based Diagnosis Method – 
Omics-Enabled Detection pipeline (OEDs)  
 
2.1 Introduction 
Phytophthora capsici is a devastating pathogen with a broad host range that negatively 
impacts the production of important food crops. Indeed, P. capsici-incited losses, along 
with costs incurred by chemical control, continue to pose a grave challenge to farmers. 
To successfully combat P. capsici (and pathogens in general), crop production 
practices, limiting pathogen spread, and early intervention are critical. Therefore, the 
early detection and diagnosis form an essential requirement to prevent significant crop 
losses and further dissemination. Current methods of diagnosing P. capsici in the field 
are time-consuming, difficult and require trained specialists to handle and process 
samples. Most farmers thus have limited access to information that describe crop 
health. 
In this chapter, I present a bioinformatic pipeline that I and others have developed. 
This pipeline takes (publically) available genome sequences for a range of pathogens 
(within the Phytophthora genus) and identifies regions of genomes that are unique to 
a given pathogen. By using sequences from multiple isolates within a species, the 
pipeline can automatically design species-specific primers for validation and 
deployment in the lab and field respectively.   
There has been more than a twofold increase in the number of newly discovered 
Phytophthora spp. over the last decade (Yang et al., 2017). In 1996, there were 58 
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known Phytophthora species within the genus (Erwin, 1996). Currently, more than 150 
Phytophthora species are defined, a number that is expected to grow in the future 
(Yang et al., 2017). This increasing number of (closely related) species within 
Phytophthora has rendered the classification and identification on morphological and 
structural features more difficult. In 1963, Phytophthora spp. were categorised into 6 
taxonomic groups (Waterhouse, 1963). More recently, there have been a number of 
phylogenetic analyses on Phytophthora on molecular and sequence data which have 
ordered the genus into 10 clades (Figure 2.1) (Cooke et al., 2000, Blair et al., 2008, 
Martin et al., 2014, Yang et al., 2017, McCarthy and Fitzpatrick, 2017).  
Phytophthora capsici resides in clade 2 as defined by Waterhouse (1963) with P. 
tropicalis, P. mexicana, P. glovera and P. plurivora (Figure 2). P. tropicalis infects 
woody and perennial crops and does not infect pepper whereas P. capsici infects a 
large range of vegetable crops, including pepper (Enzenbacher et al., 2015). Despite 
their distinct host ranges, P. capsici and P. tropicalis were originally thought to be the 
same species due to similar morphological structure of the sporangia. However in 
2001, they were declared separate species (Aragaki and Uchida, 2001).  
There are currently 110 genome assemblies for 26 species of Phytophthora that are 
available from the National Center for Biotechnology Information (NCBI) 
(http://www.ncbi.nlm.nih.gov/genome/?term=Phytophthora). Four of the 26 
Phytophthora species are in clade 2 – P. multivora, P. plurivora, P. colocasiae and P. 






Figure 2.1. Phytophthora phylogenetic tree from Yang et al. (2017) based on concatenated 
sequences of seven nuclear genetic markers. Topology and branch lengths of maximum 
analysis are shown. Red arrows indicate the species that were used in the designing of 
OEDs. (P. parasitica (clade 1) not shown). Figure 2.2 shows the Phytophthora species used 
for designing OEDs in Clade 2. The remaining 4 species are found in clade 7: P. cinnamomi, 




2.1.1 Current diagnostic procedure for identifying P. capsici 
A common method of diagnosing P. capsici involves the use of PCR to identify the 
internal transcribed spacer 1 regions (ITS1). These regions were thought to be 
conserved amongst species and are species-specific. However, two different species 
can share the same ITS1 sequence and also, multiple variants of ITS1 sequences can 
Figure 2.2 Clade 2 from the Phytophthora phylogenetic tree from Yang et al. (2017). The 
green arrow indicates the location of P. capsici in clade 2b. Red arrows indicate species used 
in the designing of OEDs. 
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be found in a single species (Martin et al., 2012). A single set of primers would be ideal 
for a species-specific diagnosis, but the amplified region would have to be present in 
all isolates, accounting for sequence variety between isolates, and not found in off-
target species. For a species-specific primer set to be used to diagnose P. capsici 
isolates, the candidate primer sets need to be tested with multiple target isolates and 
off-target species to confirm the hypothesis. Currently, using ITS1 primers would entail 
further amplicon sequencing to confirm or deny a positive diagnosis. This is 
inconvenient, especially if used for field applications. For the majority of Phytophthora 
species, there are very few markers for diagnosing on a species level (Kong et al., 
2003, O'Brien, 2008, Bhat, 2010). 
There are a range of computational pipelines for primer design to diagnose various 
pathogens from the field (Pritchard et al., 2012, Rodrigues-Luiz et al., 2017, Giordano 
et al., 2018, Dreier, 2019a). Although similar in output, the methods to arrive at 
species-specificity differ slightly. Dreier et al (2019) identifies and selects core gene 
regions that are specific to certain species, then designs primers within those regions. 
In contrast, Rodrigues-Luiz et al (2017) designed taxon-specific primers by targeting 
either microsatellite markers (short sequence repeats – SSRs) or orthologue genes. 
Traditional plant pathogen diagnostic methods include morphological and serotyping, 
and are not sufficient at discriminating between closely related species and sub-
species (Martin et al., 2012). The use of modern computational tools has increased 
due to the rise in access to available genomic data and computational programs, and 
the decrease in cost of whole genome sequencing. These methods have made it 
easier to discriminate and distinguish between closely related species and taxa. Also, 
for pathogens that have been challenging to diagnose in the past, computational tools 
have proven to be effective (Giordano et al., 2018). 
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This chapter focusses on the construction and use of a bioinformatic pipeline that 
identifies multiple species-specific markers that can be used to detect P. capsici. As 
P. capsici has a wide host range and poses a threat to multiple farmers worldwide, it 




2.2.1 OEDs pipeline construction 
The Omics-Enabled Detection pipeline (OEDs) is a modular pipeline used to generate 
species-specific PCR primers written in Python (Figure 2.3). A target P. capsici 
reference genome with three sequences of P. capsici isolates (AD84, Q108 and Y006) 
were used to construct OEDs. The output consists of a list of predicted primers that 
amplify regions in all isolates of P. capsici and are species-specific. Four genomes 
from other Phytophthora species were used as an off-target data set to discriminate 
between species: P. cinnamomi, P. fragariae, P. infestans and P. ramorum. Each 
section of the pipeline was tested manually before combining all steps in one Python 
script that can be run from the command line.  
2.2.2 Quality control 
The first step in OEDs is quality control (Figure 2.3.A). The sequenced reads and 
genome data are analysed to see if they are in the appropriate file format (FASTA). 
The read quality is reported using FastQC (Andrews, 2010). After quality control, the 







Figure 2.3. OEDs flow diagram. (A): Input files and quality control. (B): Mapping. (C): de novo 
assembly, (D): Comparing mapping and assembly (E): Blast filter against other species, primer 
design and validate. (Red rectangles contain input files, black rectangles contain the user input 
required, black ovals show steps in the pipeline and green circles indicate output.) OEDs is in a 
private repository on GitHub at https://github.com/Rory-McLeod/OEDS. The source code is 
available in Appendix 1.1 
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2.2.3 Mapping reads to the reference genome 
After the quality control stage – reported using FastQC – the reads of each isolate are 
mapped to the reference genome using Bowtie2 (Langmead, 2010) with default 
settings (Figure 2.3.B). Coverage per nucleotide is reported using SAMtools (Li et al., 
2009). Regions of the reference genome that are within gene locations are identified 
with a GFF file. Sequences that are within gene positions and also have a minimum 
mapping depth of 12 and have a minimum length of 28bp are saved in BED files for 
each target isolate. The sequences are then aligned using Bedtools (Quinlan and Hall, 
2010) with default settings to find conserved regions between isolates. Conserved 
regions were saved as the “mapping” dataset.  
2.2.4 De novo assembly of field isolate reads 
The reads of each field isolate were also assembled de novo using SPAdes (3.1.1) 
(Nurk et al., 2013) with default settings (Figure 2.3.C). The quality of each assembly 
was reported using Quast (Gurevich et al., 2013) to observe the N50, genome fraction 
% and number of contigs. The resulting contigs were mapped to the reference genome 
using NUCmer (Delcher et al., 2002). The sequences were assessed with Bedtools 
with default settings to find conserved regions between isolates. Conserved regions 








2.2.5 Comparison of mapping and de novo assembly 
 
Both datasets – “mapping” and “de novo” – were aligned using BEDtools to analyse 
the output of both methods. BEDtools was used to identify common regions in the two 
datasets whilst also identifying the regions that were unique to each method. Three 
new datasets were generated (Figure 2.3.D) (Figure 2.4).  
 
Figure 2.4. The generation of 3 further datasets using BEDtools. The “mapping unique” (green) 
contains the regions identified only by the “mapping” dataset and not found in the “de novo” 
dataset.  The “de novo unique” (purple) dataset contains regions identified only by the “de 
novo” dataset and not found in “mapping”. The “intersect” (red) dataset contains regions found 
by both “mapping” and “de novo” datasets.  
 
2.2.6 Blastn against other Phytophthora spp. 
The penultimate stage in OEDs is a local Blastn (2.2.28) search with default settings 
(E value: 10.0) (Figure 2.3.E). All of the generated regions from each of the five 
datasets are the “query” and four off-target Phytophthora species genomes were the 
“subject” (Table 2.1). If the Blastn search returned a hit on default Blastn settings with 
another Phytophthora species, the region is not specific to P. capsici, therefore, the 
region is removed from the dataset. The Blastn results were saved in CSV files. 
Mapping 
 




de novo unique 
 
Intersect 
Regions from the mapping and de novo datasets and the generation of 
three new datasets 
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Table 2.1. Off-target Phytophthora genomes used in the OEDs pipeline to generate P. capsici 










(Longmuir et al., 2017, 





(Gao et al., 2015, 
Tabima et al., 2017) 
Phytophthora 
infestans 
1 228 (Haas et al., 2009) 
Phytophthora 
ramorum 
8 65 (Tyler et al., 2006) 
 
 
2.2.7 Primer design 
The final stage in OEDs is primer design using Primer3 (2.3.0) (Figure 2.3.E). 
Parameters were adjusted to obtain amplicons from species-specific markers that are 
between 200-500bp in length and have minimum and maximum primer lengths at 15bp 
and 21bp respectively. Default thermodynamic parameters were used. 
2.2.8 Validation of primers using in silico and PCRs 
The validation of species-specific primers occurs out-with the pipeline with 
computational (in silico) and wet lab PCRs. The in silico PCRs were performed using 
Primersearch (Rice et al., 2000). All primer sets predicted from OEDs for each dataset 
(mapping, mapping unique, intersect, de novo, de novo unique) were subject to in 
silico PCRs using Primersearch with 14 off-target Phytophthora species (Table 2.2). 
Primers that showed amplification with other Phytophthora species (with a 10% 
mismatch allowance) were discarded before selecting primers to use in wet lab PCRs. 
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Table 2.2. 14 Phytophthora species used as off-target genomes for the in-silico PCRs to reject 
OEDs primer sets that showed non-specific amplification. Publicly available from the NCBI. 
 
DNA from five isolates of P. capsici (four field isolates and one reference isolate), and 
three other Phytophthora spp. (P. tropicalis, P. nicotianae and P. katsurae) was 
extracted using the DNeasy Plant MiniKit (Qiagen, Valencia, CA) from mycelia grown 
on pea broth media for 5 days in the dark at 25 °C. A subset of 15 primers generated 
from OEDs were chosen for wet lab validation (three from “mapping”, three from “de 
novo”, three from “mapping unique”, three from “de novo unique” and three from the 




Phytophthora cinnamomi 7 77.9 (Longmuir et al., 2017, Studholme et al., 2016) 
Phytophthora fragariae 7 73.7 (Gao et al., 2015, Tabima et al., 2017) 
Phytophthora infestans 1 228 (Haas et al., 2009) 
Phytophthora cambivora 7 230.6 (Feau et al., 2016) 
Phytophthora cryptogea  8 63.8 (Feau et al., 2016) 
Phytophthora kernoviae 10 38.1 (Sambles et al., 2015, Studholme et al., 2016) 
Phytophthora lateralis 8 52.4 (Feau et al., 2016, Quinn et al., 2013) 
Phytophthora multivora 2 40.1 (Studholme et al., 2016) 
Phytophthora nicotianae 1 69-80 (Liu et al., 2016) 
Phytophthora parasitica 1 95.5 (Shan and Hardham, 2004) 
Phytophthora plurivora 2 41 (Vetukuri et al., 2018b) 
Phytophthora rubi 7 74 (Tabima et al., 2017) 
Phytophthora sojae 7 95 (Tyler et al., 2006) 
Phytophthora ramorum 8 65 (Tyler et al., 2006) 
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“intersect”). PCR set up was as follows; 94 °C for 30 seconds, then a 35x cycle of 94 
°C, 56 °C and 72 °C for 10 seconds, 45 seconds and 1 minute 4 seconds respectively. 
The PCR set up concludes with 75 °C for 5 minutes. The PCR product was run on a 
1% agarose electrophoresis gel with Sybr safe DNA stain and viewed under UV light. 
Bands present were sequenced and cross-referenced with the expected sequence for 
product confirmation. 
2.2.9 Testing the current P. capsici diagnostic primers 
A wet lab PCR was set up as above for three P. capsici isolates (AD84, LT1534 and 
LT6535) and 2 other Phytophthora species – P. tropicalis and P. cryptogea – using 2 
ITS1 primer sets (Silvar, 2005). Both primer sets amplify the same region at different 
lengths 452bp and 595bp. The forward primer is the same for both primer sets but the 
reverse primers differ. 
 
2.3 Results 
2.3.1 OEDs generates species-specific primers 
Species-specific primers were generated using OEDs. All primers generated from 
OEDs amplified all P. capsici isolates in PCR testing (including one isolate not involved 
in the designing of OEDs – AP154, discussed further in Chapter 5). The primers were 
also tested for non-specific amplification with four off-target Phytophthora species 
(including the closely related species P. tropicalis). Eight of the 15 primers tested in 
PCRs amplified P. tropicalis. No other signs of amplification in off-target Phytophthora 
species was observed.  
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2.3.2 Mapping – high alignment rate and low coverage depth 
Between 73-80% of the paired end reads for each field isolate mapped to the reference 
genome using Bowtie2 (Table 2.3).  
Table 2.3. The alignment rate for the reads of three field isolates of P. capsici when mapped 
to the P. capsici reference genome as part of OEDs. 





Despite the alignment rate, the average coverage depth was far from the theoretical 
coverage depth. Theoretical coverage depth is the number of times a base is read 
during sequencing and is calculated by: 




The theoretical coverage depth for AD84, Q108 and Y006 was 46.1, 36.0 and 
43.8 respectively. However, actual coverage depth was reported as 12.5, 12.1 and 
15.5 for AD84, Q108 and Y006 respectively.  
There were 35,659 regions in the “mapping” dataset that were all considered to be 






Table 2.4. The number of regions, Blast hits against off-target Phytophthora species and 
primer sets for each data set throughout the process of OEDs. 
 
 
2.3.3 De novo assembly 
The “de novo” dataset resulted in 52,404 regions that were conserved amongst all four 
P. capsici isolates (Table 2.4). The quality of the SPAdes assemblies for all three field 
isolates of P. capsici was reported using Quast (Table 2.5). When compared to the 
reference genome (10,760 contigs and 397,000 NG50), the three field isolates had 
more contigs and were considerably shorter as confirmed by the NG50 – defined as 
the length of the shortest contig at 50% of the total genome length. Also, only around 













Conserved regions 35,659 2,810 52,404 52,352 33,792 
Number of Blast hits 633,906 7,629 737,601 147,722 626,509 
Number of regions 
removed after Blast 
7,776 291 19,582 15,184 7,535 
Number of regions after 
Blast – for primer design 
27,883 2,519 32,822 37,168 26,257 
Generated primer sets 10,376 301 107,379 114,165 10,095 
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2.3.4 Comparison of mapping and de novo assembly datasets and 
Intersect dataset 
The output of the “mapping” and the “de novo” datasets were analysed using BEDtools 
where a further three datasets were generated: the “intersect” dataset, the “mapping 
unique” dataset and the “de novo unique” dataset (Figure 2.3). The number of regions 
identified in each of these data sets are reported in Table 2.4.  
2.3.5 Blastn search and filtering 
The local Blastn search with default settings returned a list of regions that were found 
in Phytophthora species other than P. capsici, therefore not P. capsici specific. These 
regions were discarded from the dataset. This resulted in 20% (7,776) and 37% 
(19,582) of regions removed from the “mapping” and “de novo” datasets respectively. 
291 and 15,184 regions were removed from the unique datasets (“mapping unique” 
and “de novo unique” respectively) with 7,535 regions removed from the “intersect” 
dataset.  
 AD84 Q108 Y006 
# contigs 23,636 27,271 17,439 
Total length (>=0bp) 40,803,527 44,026,057 53,272,093 
Total length (>=1000bp)  29,633,252 31,608,204 46,814,684 
N50 (bp) 2,042 1,864 5,389 
NG50 (bp) 835 974 3,639 
Genome fraction (%) 46.594 56.561 62.263 
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2.3.6 Primer design and in silico PCR 
Primers were generated from sequences that passed the Blastn screen using Primer3 
(Table 2.4). This resulted in 10,376 primers for the “mapping” dataset, 107,379 primers 
for the “de novo” dataset, 301 primers for the “mapping unique” dataset, 114,165 
primers for the “de novo unique” dataset and 10,095 primers for the “intersect” dataset. 
All of these primers are predicted to be specific to P. capsici. 
 

















8,300 236 78,386 82,198 8,076 
 
The primers generated from OEDs were tested for cross-hybridisation in off-target 
genomes (Table 2.2). Between 20 and 30% of primers were removed from the dataset 
after performing in silico PCRs using Primersearch with a 10% mismatch rate (Table 
2.6).  
2.3.7 PCR validation 
A subset of 15 predicted P. capsici specific primers from OEDs were randomly 
selected for PCR (Table 2.7). Five primers were randomly selected from three 
datasets – “mapping unique”, “de novo unique” and “intersect”.  The primers were 
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tested for P. capsici specificity with P. capsici isolates and other Phytophthora species 
(Figure 2.5). All primers generated from OEDs amplified all isolates of P. capsici 
(excluding one – Primer set 8). Primer set 8 did not amplify AP154 in one of the two 
PCRs. AP154 was not included in the development of OEDs. This isolate was recently 
isolated from the field (after OEDs had been developed). Eight of the P. capsici specific 
primers also amplified P. tropicalis. This included primer set no. 5 (POI15705) from 
the “intersect” dataset which presented mixed results showing a band for P. tropicalis 
in one PCR and no band for P. tropicalis in another (data not shown). No amplification 




   
    
 
Figure 2.5. Validation of OEDs PCR primer sets 1 (left – POI17144) and 2 (right – 





Table 2.7. The results from the PCR validation of OEDs primers. Green indicates a band 
present in the electrophoresis analysis, red indicates no band detected. (-) indicates that the 
sample (DNA) was not used in the PCR set up.   
 
 
2.3.8 ITS1 primers identify P. tropicalis as well as P. capsici 
The previously published, “species-specific” ITS1 primers that are currently used for 
diagnosing P. capsici cannot distinguish between P. capsici and P. tropicalis. The 
electrophoresis gel shows amplification in all three isolates of P. capsici and also P. 








Figure 6. Previously published P. capsici specific primers with P. capsici, P. tropicalis and P. 
cryptogea isolates. Lanes 2-7: P. capsici genomic DNA from three isolates (AD84, LT1534 
and LT6535). Lane 8-9: P. tropicalis. Lanes 10-11: P. cryptogea. Lanes 12-13: Water. Each 
sample has the same forward primer, whereas there are two different reverse primers: RV1 




I present a bioinformatics pipeline that is suited to the fast and efficient design of 
primers, able to diagnose Eukaryote pathogens. The OEDs pipeline can take 
(publicly) available genome sequences along with Illumina sequence datasets to 
identify genomic loci, suited for diagnostic PCRs. I built and tested the OEDs pipeline 
for the diagnosis of Phytophthora capsici in the field. P. capsici is notoriously difficult 
to diagnose in the field and only few diagnostic primer pairs are currently available. 
OEDs that can play an important role in pathogen diagnostic research. The wet lab 
PCR validation of the species-specific primers show that OEDs is successful in 
identifying P. capsici and discriminating between other Phytophthora species. All of 





around half of them also amplifying P. tropicalis.  Identifying multiple marker regions 
that can be used for diagnosing the pathogen is beneficial due to not having to be 
continuously reliant on just one or two markers. Having multiple targets can also be 
beneficial due to the ever-evolving nature of the pathogen. As the pathogen evolves, 
some markers may not be as reliable for species diagnostics due to sequence 
changes – having multiple targets resolves this issue. Furthermore, as new isolates 
are continuously being diagnosed and sequenced, these novel sequences can be 
incorporated into OEDs to develop marker regions that are relevant and specific to 
up to date field conditions.   
2.4.1 Poor mapping and assembly – downstream analysis problems? 
It is likely that the results from mapping and de novo steps for the three P. capsici 
isolates may not be optimal. This may be due to the issues experienced during the 
sequencing of the three field isolates (discussed more in Chapter 4). Despite this, 
OEDs still produced a large number of candidate, species-specific, diagnostic primer 
sets. This shows great promise for OEDs despite issues upstream. However, the 
specificity and sensitivity of OEDs can be improved by firstly incorporating improved 
sequence data from P. capsici isolates and more off-target genomes – especially 
sequence data from closely related species (P. tropicalis). Secondly, the validation 
would need to involve more predicted primers tested with more isolates of P. capsici 
and more off-target species to indicate how specific and sensitive the primers are.  
2.4.2 Mapping P. capsici field isolate reads to the reference genome 
The sequenced field isolates were mapped to the reference genome to identify 
regions that were conserved between them. The alignment rate for the field isolate 
reads was between 73-80%. However, there was a large difference between the 
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theoretical and actual read depth coverage for all three field isolates. Chapter 4 
shows us that only around 50% of the reference genome is covered by each of the 
field isolates (assembly analysis). This is not ideal for performing comparative 
genomics (searching for conserved regions in all isolates). We are effectively not 
searching half of the genome. To rectify this issue, sufficient sequence data is 
required to have enough genome coverage and read depth to design conserved 
regions throughout the genome. This gives us the best chance at finding more 
conserved regions to be used in the downstream analysis. 
2.4.3 De novo assembly for three field isolates of P. capsici  
Assembling the three field isolates using SPAdes resulted in a low NG50 value and 
only 50% of the reads mapping to the genome. Similarly to the mapping stage, these 
results are far from ideal for designing species-specific markers for multiple isolates 
as there is an increasing likelihood of missing sequence data and therefore not 
obtaining markers that would be present and conserved amongst all P. capsici 
isolates. To resolve this issue, similar to the mapping (above), more sequence data 
from each isolate is required to obtain assemblies of decent length and sufficient 
read depth. 
2.4.4 Comparison of mapping and de novo datasets 
The mapping and de novo assembly stages resulted in 35,659 and 52,404 regions 
respectively that were larger than 28 bp and had a read depth of >12 (Table 2.4). 
This may suggest that the de novo method was more successful than the mapping 
method as more regions were identified. Despite the “de novo” data set obtaining 
more regions than the mapping data set, 37% of the regions were removed after 
having a Blastn hit with another Phytophthora spp.. Only 20% of the “mapping” 
regions were removed. The number of candidate regions in both data sets were 
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similar after the Blast stage (27,883 “mapping” and 32,822 “de novo”). A similar 
percentage of primers from each dataset were discarded after the in silico PCR. 
Between 20 and 30% of the primers were removed after in silico PCR using 
Primersearch. 
2.4.5 The “intersect” dataset has the greatest confidence of a species-
specific marker 
The “intersect” dataset was generated after mapping and the de novo assembly. 
Regions in this dataset (33,792) were present in both “mapping” and “de novo” 
datasets. 22% of these regions were discarded for having a hit during the Blastn 
stage. Detection in both datasets and no Blastn hits from other Phytophthora spp. is 
promising for producing species-specific markers. The 10,095 primer sets generated 
from the “intersect” dataset have greater confidence than primers generated from 
one of the other datasets alone.  
2.4.6 “Mapping unique” and “de novo unique” datasets 
The two “unique” datasets are regions that are found only in that particular dataset 
(e.g. regions that are in “mapping unique” are not found in the “de novo” dataset and 
visa-versa). These two datasets are contrasting from each other in regards to 
number of regions, Blastn hits and primers produced. The “mapping unique” dataset 
produced 2,810 regions, 10% of which were removed resulting in 301 primer sets 
generated from Primer3. The “de novo unique” dataset generated 52,352 regions, 
29% of which were removed resulting in 114,165 primer sets.  
2.4.7 Identifying isolates unknown to OEDs in PCRs 
The 15 primer sets were all tested at least twice in wet lab PCRs. Introducing AP154 
– the P. capsici isolate which has yet to be sequenced and was not included in 
59 
 
OEDs development – to the wet lab PCR validation further proved how successful 
OEDs is at developing species-specific primers. As OEDs was developed using the 
four P. capsici isolates included in the wet lab validation, it was not surprising that 
the all designed primer sets amplified all isolates. However, AP154 was an untested 
isolate and no sequence data was available. To observe species-specific 
amplification in all but one wet lab PCRs, shows that OEDs is successful at 
designing species-specific primers that can detect unknown/novel isolates in a given 
species.  
2.4.8 The lack of P. tropicalis sequence data results in OEDS produces 
false positive results. 
Despite the lack of P. tropicalis sequence data available, OEDs has proven to 
generate primers that can differentiate between the two closely related species (8/15 
primer sets) (Table 2.7). However, the PCR images (Figure 2.5) show that there is 
still an inconsistency in the candidate primers being truly species-specific when P. 
tropicalis is also amplified. To correct this, sequence data from P. tropicalis is 
needed. A P. tropicalis genome incorporated into OEDs would greatly improve the 
primers generated to be truly species-specific. In an ideal situation, OEDs would 
benefit from genome sequences from all Phytophthora spp., other oomycetes and 
further fungal genomes. A major pitfall in this “ideal situation” is the lack of 
computational storage/power needed to run OEDs with considerably more genomes. 
2.4.9 The current P. capsici diagnostic primers are not fit for purpose 
It is clear that the previously published primers that amplify the ITS1 region are not 
suitable for P. capsici diagnosis. Firstly, the existing P. capsici ITS1 diagnostic 
primers also amplify P. tropicalis (Figure 2.6). Species-specific primers should only 
be able to amplify a single species. Secondly, as isolates of P. capsici continuously 
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evolve, having a single region to determine a diagnosis is problematic. OEDs solves 
this problem by generating multiple primer sets in multiple regions, for example, 
82,198 potential primer sets in 37,168 regions (“de novo unique” dataset). Despite 
the lack of P. tropicalis sequence data, OEDs generates primers that can distinguish 
between the two closely related species, whilst also detecting all P. capsici isolates. 
A recommendation for future P. capsici diagnostic tests is that the existing primers 
should be replaced with primers generated from OEDs. 
Similarly to P. capsici, Pythium and fungal species can also infect pepper. To 
increase the confidence in OEDs in a real life setting would be to incorporate 
genome sequences from these species to rule them out.  
The majority of current Phytophthora species-specific PCR diagnostic markers are 
reliant on very few target sequences. This pipeline has the ability to generate 
multiple candidate species-specific primers for a single species diagnosis.   
OEDs has the ability to design species-specific primers for diagnosing a pathogen of 
interest. OEDs requires a set of isolates from said species, a reference genome and 
genomes from closely related species. OEDs has been successful in regards to 
identifying P. capsici and discriminating between other Phytophthora species. 
However, sequencing and incorporating a P. tropicalis genome into the pipeline 
would reduce the number of false positive primer results during PCR validation. 
Despite the lack of sequence data, a number of primer sets are still able to 
discriminate between the two species.  
Although OEDs has been developed to produce markers for P. capsici specificity, 
the pipeline is not restricted to this pathogen. As long as the input criteria are met, 
OEDs can theoretically be used to diagnose other pathogens for species-specificity. 
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Chapter 3: Primer Diagnostic Pipeline – Developing 




Phytophthora capsici is a devastating pathogen with a broad host range that is 
prevalent worldwide in hot, tropical conditions. Sexual reproduction of P. capsici 
requires two mating types; A1 and A2 (Lamour et al., 2012b). If both mating types are 
present and in close proximity, the resulting progeny will contain genetic material from 
both parents, increasing genetic diversity. In order to compete and evade the host’s 
immune system, genetic diversity is beneficial in the ever-evolving arms race between 
host and pathogen. 
Many phenotypic and genotypic studies on P. capsici populations have provided 
contrasting results in P. capsici population biology around the world. Clonal lineages 
of P. capsici have been identified in South America and Northern China and have the 
ability to survive for long periods (Sun et al., 2008, Hurtado-Gonzales et al., 2008, Hu 
et al., 2013b, Gobena, 2011). However, the population structure in the USA and South 
Africa has been described as dynamic with a high level of genetic diversity (Gobena 
et al., 2012, Lamour and Hausbeck, 2001, Meitz, 2010). Some isolates have been 
shown to be genetically diverse after infecting different hosts (Silvar et al., 2006).  A 
deeper understanding of P. capsici genetic variation within a designated region would 
help to develop better management and control strategies during an outbreak. A 
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diagnostic tool that could identify particular isolates of P. capsici would be beneficial 
to farmers in order that the outbreak can be efficiently controlled.  
3.1.1 Computational Pipelines as Diagnostic Tools 
The emergence of low-cost next generation sequencing (NGS) has enabled affordable 
sequencing of whole genomes that can be utilised by computational tools for genomic 
analysis to help diagnose pathogens more quickly and more precisely than before. 
Although developing bioinformatic tools may require expertise in computational 
biology, most tools are designed to be user friendly and easy to use by wet lab 
biologists. There are multiple computational pipelines that are used for diagnosing 
human and plant pathogens (Rodrigues-Luiz et al., 2017, Giordano et al., 2018, Dreier, 
2019b).  
A common method marker-based diagnostic for P. capsici is dependent on only one 
genetic location, the internal transcribed spacer region 1 (ITS1). This locus is sub 
optimal for species diagnosis. For example, it is known that the ITS1 region cannot 
differentiate between closely related species, including P. capsici and P. tropicalis 
(Chapter 2) and also P. fragariae and P. rubi (Martin et al., 2012). Also, if there is any 
genetic variation within this region between isolates, misdiagnosis is likely. The 
pipeline, described in Chapter 2, OEDs, presents a computational pipeline that 
generates multiple target sites for a PCR-based species-specific diagnoses. This 
chapter focuses on detecting particular isolates within the P. capsici species by 
generating isolate-specific primers from a range of different P. capsici isolates. 
3.1.2 Primer Diagnostic Pipeline – Isolate-specific diagnoses 
Pritchard et al. (2012) initially published the Find Differential Primers pipeline by 
designing diagnostic primer sets to identify the isolate of E. coli during an outbreak in 
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cucumber plants in Germany in 2011 which caused 4000 individual infections and 53 
deaths across Europe. The dataset included 11 draft genomes of the target isolate 
(O104:H4) and 69 publically available chromosomal or plasmid sequences of other E. 
coli isolates as a negative sequence set. Individual generated primer sets showed 
100% sensitivity with low false positive rates (9%-22%). However, using a combination 
of two primer sets showed 100% sensitivity and 100% specificity. Using the same 
mentality for the reasoning behind constructing the pipeline, we decided to employ it 
for the ultimate goal of diagnosing different isolates of P. capsici. 
Primer Diagnostic Pipeline (PDP) is a modular pipeline derived from the Find 
Differential Primers pipeline (available on GitHub at 
https://github.com/widdowquinn/find_differential_primers). The published pipeline has 
seven steps – validate input config file, concatenate sequences, identify features, 
predict primer locations, cross amplification, BLAST screen and classify. PDP has the 
ability to produce diagnostic primer candidate specific at species, sub-species and 
isolate level (depending on the dataset). The sub-species-specific primers can group 
particular isolates together whilst distinguishing them from other isolates. This may be 
due to changes in the sequence where there is a clear difference between isolates in 
the same species. For example, P. capsici isolates in Asia, may not share the same 
characteristics or sequence similarity with P. capsici isolates in South America.  
The challenges facing farmers today is the lack of an efficient P. capsici diagnostic 
tool to correctly identify the pathogen causing disease on crops. It is important for 
species-specific diagnostic tests to identify all isolates in a defined species – this is 
covered in Chapter 2. This chapter discusses a second computational pipeline that 
can be used to design isolate-specific primers for a PCR based diagnostic method. 
Identifying the particular causative isolate or isolates, will give valuable information for 
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P. capsici population biology within the region to see how the species is evolving and 
how best to control the outbreak. 
 
3.2 Methods 
3.2.1 Input sequence used during the pipeline 
PDP takes genome sequences as input data. Four draft genomes of four P. capsici 
isolates were used in this pipeline as targets (isolates we are designing diagnostic 
primers for). The four isolates include the published reference P. capsici isolate 
(LT1534) and three field isolates (AD84, Q108 and Y006 – discussed in Chapter 4) 
(Lamour et al., 2012a).  Fourteen genomes of Phytophthora species were also 
included in the pipeline as off-targets (not P. capsici) to be able to prevent designing 
non-specific diagnostic primer sets (Table 3.1). 
3.2.2 Pipeline workflow 
The first stage of the pipeline is to produce and validate a config file (Figure 3.1). The 
config file contains information about the P. capsici isolates (the target isolates). The 
first column in the file contains the name of the isolate. The second column contains 
the designated categories assigned to each isolate. These categories are classes that 
one or more of the isolates belong to. For instance AD84, Q108 and Y006 are all field 
isolates, therefore, they all have the “field” category, whereas the laboratory isolate, 
LT1534, has the “lab” category. The pipeline can design primers that can be category 
specific, therefore designing primers that can amplify only field isolates, or only lab 
isolates. Finally, the third column contains the filesystem path to the directory holding 




Table 3.1. Off-target Phytophthora genomes used in PDP pipeline to design P. capsici-
specific diagnostic primer sets. 
 




Phytophthora cinnamomi 7 77.9 (Longmuir et al., 2017, Studholme et al., 2016) 
Phytophthora fragariae 7 73.7 (Gao et al., 2015, Tabima et al., 2017) 
Phytophthora infestans 1 228 (Haas et al., 2009) 
Phytophthora cambivora 7 230.6 (Feau et al., 2016) 
Phytophthora cryptogea  8 63.8 (Feau et al., 2016) 
Phytophthora kernoviae 10 38.1 
(Sambles et al., 2015, Studholme et al., 2016, 
Studholme et al., 2019) 
Phytophthora lateralis 8 52.4 (Feau et al., 2016, Quinn et al., 2013) 
Phytophthora multivora 2 40.1 (Studholme et al., 2016) 
Phytophthora nicotianae 1 69-80 (Liu et al., 2016) 
Phytophthora parasitica 1 95.5 (Shan and Hardham, 2004) 
Phytophthora plurivora 2 41 (Vetukuri et al., 2018b) 
Phytophthora rubi 7 74 (Tabima et al., 2017) 
Phytophthora sojae 7 95 (Tyler et al., 2006) 





The second stage of the pipeline, “fix_sequences”, concatenates the genomes into 
one consecutive nucleotide sequence – a pseudo chromosome – for each isolate in 
the config file (to enable diagnostic primers from fragmented draft genomes). Regions 
containing deletions and ambiguity symbols are replaced with N to ensure only 
ATCGNs are present. This stage also creates a json file with the information in the 
config file with the addition of the location of the new, “fixed” concatenated sequence 
file.  
Primers are designed using ePrimer3 that conform to default thermodynamic 
parameters including GC content and melting temperature (Rice et al., 2000). The 
primers can also be designed in any desired regions either by the inclusion of a GFF 
file or from Prodigal output (for bacterial genomes).  
The primer sets are filtered by the removal of duplicate primers and a Blastn screen. 
By using specific thermodynamic settings to design primers, it is likely that identical 
primer sets will be created for individual isolates. The duplicates are removed to 
reduce the computational load in the downstream analysis. The primers are then 
screened against a Blastn database containing off-target (other Phytophthora) 
# Config file for all P. capsiciseq input 
# Name Categories Computational_Path_to_Genome_Sequence 
AD84 Pcap,field,AD84 location/of/genome/sequence/AD84_genome.fasta - 
Q108 Pcap,field,Q108 location/of/genome/sequence/Q108_genome.fasta - 
Y006 Pcap,field,Y006 location/of/genome/sequence/Y006_genome.fasta - 
LT1534 Pcap,lab,LT1534 location/of/genome/sequence/LT1534_genome.fasta - 
Figure 3.1. An example of an input config file which contains the necessary information required for PDP to run 
and discriminate between isolates. The file contains the name of the isolate, a list of categories the isolate belongs 
to and the location of the genome sequence. 
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genome sequences (Table 3.1). This step is optional, but recommended. If primer sets 
amplify regions in any of these off-target genomes, they are removed from the dataset 
as they are non-specific to P. capsici.  
The primer sets that do not show any non-specific amplification are further analysed 
to identify potential cross-hybridisation with the other target input genomes using 
Primersearch and are only retained if they are predicted to amplify the desired product 
sizes. Primers that cross-hybridise with one or more isolates are assigned a label for 















Figurative PDP output for five target isolates and two off-target isolates 
Species-specific 
Isolate 2 Specific 
Isolate 3 Specific 
1, 4 
3, 5 
1, 2, 4 
1, 3, 4 
Figure 3.2. An example of a figurative representation of the PDP output from the classify step. Amplicon 
genomic locations across 5 different isolates of a target organism are highlighted on the left in different 
colours. The colour denotes the category that the primer set (amplicon) belongs. For example, Isolates 3 
and 5 may be field isolates and 1, 2 and 4 are lab isolates. The red group would be classified as field isolate 
specific primer sets and the blue group would be classified as lab isolate specific primer sets. This is all 
assuming that these primers are not present in any other off-target organism. 
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processed, the genomes associated with each primer set are compared to the 
genomes associated with each category in the config file. If the two sets match, the 
primer set is considered specific for that category (Figure 3.2).  
3.2.3 Incorporating an effector-coding sequence dataset into PDP to 
identify primers in effector-coding regions 
To generate primers that amplify only from known effector-coding regions, a FASTA 
file containing the sequences of known P. capsici effector genes was also incorporated 
into the pipeline as a 5th target isolate. A category was added to all target isolates in 
the config file indicating that primers generated in the 5th isolate (effector sequences), 
would be in effector-coding regions. For instance if a primer set was identified in both 
AD84 and the effector-coding dataset, we could state that the primer is likely to identify 
AD84 in an effector-coding region. Therefore, the other P. capsici isolates in the config 
file that did not contain that particular primer set, do not have the effector, as it would 
have been identified during the cross-hybridisation step.  
The effector sequences were extracted from the existing reference genome, LT1534, 
which is also used in the PDP runs. Therefore, if a primer set is found in one isolate 
(eg AD84) and the effector-coding dataset, it is safe to say that is also found in the 
LT1534 dataset.  
The PDP pipeline was run multiple times to design different number of primers for each 
target isolate. Initially, 100 primers for each target isolate were generated – this was 
also part of a pipeline test run. The pipeline was run subsequently to generate 1,000 
and 10,000 primer sets for each of the five target isolates. The pipeline was run three 




3.2.4 PCR validation  
DNA from five isolates of P. capsici (four target isolates and one untested isolate) and 
three other Phytophthora species (P. tropicalis, P. nicotianae and P. katsurae) were 
used to confirm species and isolate-specific primer sets generated from PDP in wet 
lab PCRs. PCR was performed as described in Chapter 2.  
3.2.5 Validating species-specific effectors for species-specificity 
Groups of species-specific effectors were identified by Thilliez (2016). Effectors were 
deemed to be P. capsici species-specific when no hits were returned after using Blastp 
with a cut off value of 1e-5 against a database containing P. infestans effector proteins 
(Thilliez, 2016). Primers were designed for 11 of these effectors using ePrimer3 with 
default thermodynamic settings and wet lab PCRs were set up as described in chapter 
2 (Rice et al., 2000). The PCRs were performed as above. 
 
3.3 Results 
3.3.1 10,000 Primer sets/isolate generated enough data to classify 
primers into pre-determined categories 
PDP was run on three occasions generating 100, 1,000 and 10,000 primers for each 
isolate (including the effector-coding dataset) in each run. Running PDP with 100 and 
1,000 primers for each isolate did not create any isolate-specific primers. Therefore, 
the results will focus on the 10,000 primer data set as this run generated enough 
primer sets to be able to classify into groups and to generate isolate-specific predicted 
primers. 
Designing 10,000 primer sets for each target isolate resulted in species-specific and 
isolate-specific predicted primers (Figure 3.3). There are also no primers designed that 
70 
 
were field specific (from AD84, Q108 and Y006). However, there were lab specific 
primers (as only one isolate was from the lab, therefore lab and isolate-specific.  
3.3.2 Predicted species-specific PDP primers 
PDP generated 65 primer sets that were predicted to be species-specific (found in all 
isolates and the effector-coding dataset) (Figure 3.3). As these primers are all found 
in the effector-coding dataset as well as the four isolates, we can predict that the 
primers amplify sequences in all isolates that may be in effector gene locations, 
indicating that these effectors may be present in these unannotated isolates. 
 
Figure 3.3. PDP results. The number of PDP predicted primer sets that are identified for each 
category from the config input file after the “classify” step.  
 
 
3.3.3 Predicted isolate-specific PDP primers 
PDP generated predicted P. capsici isolate-specific primers. From the 10,000 primers 
generated for each target isolate, 22-35 primer sets were classified as isolate-specific 
for each of the four target isolates (Figure 3.3). The effector dataset did not contain 





































3.3.4 Consistency and validation PCRs confirmed species-specificity  
Five predicted species-specific primer sets that are in effector-coding regions were 
selected randomly and tested in wet lab PCRs with four P. capsici isolates and three 
other Phytophthora species. Three of the four isolates used in the PDP run were 
tested (AP154 was not – it had not been isolated from the field). Primer sets were 
deemed to be species-specific if there was a visible band on the electrophoresis gel 
after electrophoresis at the expected size. Two of the five primer sets amplified all P. 
capsici isolates and no other Phytophthora species (P3 and P4) (Figure 3.4). Two 
primer sets amplified all P. capsici and P. tropicalis isolates (P1 and P2) and one 

















































































































Figure 3.4. A) Electrophoresis gel image of the wet lab validation of species-specific primer 
– primer set 4 (P4) from PDP showing an expected size band of 200bp. B). Electrophoresis 
gel showing the positive control for the presence of DNA (PcRPL-18 primers) showing an 








































































































































































































































































































































































3.3.5 Consistency and validation PCRs with isolate-specific primers did 
not confirm isolate-specificity for the majority of primers tested 
The five predicted isolate-specific primer sets for each P. capsici target isolate were 
tested against their originating genomes (consistency tests). Although predicted to 
be isolate-specific, PCRs indicated that the majority of predicted isolate-specific 
diagnostic primer sets were either not isolate-specific, presenting amplification of all 
P. capsici isolates and/or P. tropicalis, or showing no signs of amplification for any 
Phytophthora isolates (including the target isolates). Of the 20 primer sets tested, 
only one was confirmed to be isolate-specific (LT1534 P3) (Figure 3.5). LT1534 P2 
has a more intense band with LT1534 compared to the other P. capsici isolates, but 





























































































Figure 3.5. A). Electrophoresis gel of the LT1534 isolate-specific primer set (P3) tested with 5 
P. capsici isolates, 1 P. tropicalis isolate and water as a negative control. B) Electrophoresis 




















































































































































































































































































































































































































































































































































































































































































































































































































































3.3.6 Confirming species-specificity from MCL dataset 
PCR was used to establish in vitro species-specificity of the 11 predicted species-
specific effectors from the MCL analysis (Thilliez, 2016) (Table 3.3). Only one of the 
effectors was found to be P. capsici specific, where there was amplification for all P. 
capsici isolates but no amplification in any off-target species (P6 – PcRXLR_138). A 
further three effectors were also P. capsici specific although not amplifying all P. 
capsici isolates (all three failed to amplify one isolate of P. capsici). The remaining 
seven primer sets amplified all P. capsici isolates and P. tropicalis, but no other off-
target Phytophthora species.   
 
3.4 Discussion 
3.4.1 Designing isolate-specific primers using PDP  
The PDP run generating 10,000 primers resulted in between 22-35 isolate-specific 
primers for each of the four P. capsici isolates (Figure 3.3). These were predicted to 
amplify that particular isolate and no other P. capsici isolate, or off-target species. 
However, wet lab PCRs using the predicted isolate-specific primers with target and off 
target isolates/species, resulted in results that contradicted the computational output.  
There are several possible explanations for the failure to amplify isolate-specific 
regions with these primers. Missing sequence data from draft genomes from the target 
organisms. If sequence data is missing from the target organisms, the pipeline will 
identify a region to be isolate-specific if not found in any other target isolate, resulting 
in a false positive primer set. If there are mistakes in the sequencing, or assembling 
of the target genomes, PDP will identify regions that are not a true representative of 
the genetic makeup of the organism. To rectify this issue, sequences of target 
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genomes that are involved in the PDP process, would need to have good quality to 
minimise these potential errors.  
PDP designs primers using ePrimer3 with default thermodynamic parameters. When 
testing these primers in wet lab PCRs, in theory, these should be isolate-specific. 
However, there may be slight amplification in other isolates that would not have been 
identified during the design process. This results in PDP designing false positive 
results (a positive result but not the target isolate). True isolate-specific primers should 
not amplify any other isolate, therefore specificity of PDP needs to be addressed. To 
rectify this issue, the thermodynamic parameters could be relaxed in order to pick up 
any signs of amplification in off-target species or other isolates. However, you could 
argue to tune the thermodynamic parameters to maximise discriminatory ability but 
this is reliant on good quality genome data. 
3.4.2 Species-specificity – Identifying species-specific effectors 
The pipeline was not able to incorporate a GFF file containing the locations of effector 
genes on the target reference isolate. The tool was not able to read the file as a GFF 
format. As an alternative strategy, effector sequences were instead incorporated into 
the pipeline as if they were another target isolate genome – but an isolate containing 
only effector gene sequences. Due to the effector sequences being derived from the 
reference target isolate, there could be no “effector specific” primers, as primers 
capable of amplifying an effector sequence would be identified in at least two isolates. 
However, 65 predicted primer sets were identified that amplified only all target isolates 
and the “effector isolate”. These primers are predicted to be species-specific. Five of 
these predicted species-specific primer sets were selected for PCR validation, with 
five isolates of P. capsici and three isolates from other Phytophthora species. The 
PCR results indicate that two of five primer sets are P. capsici specific, with another 
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two amplifying only P. capsici isolates and P. tropicalis. One primer set failed to amplify 
any of the isolates.  
This is a promising result as PDP had no sequence data from P. tropicalis but was still 
able to differentiate between the two closely related species. If P. tropicalis was 
sequenced and a high-quality genome included as an off-target genome, we should 
expect more candidate primers to be species-specific. It was also encouraging to 
observe that the predicted species-specific primers in effector regions amplified isolate 
AP154 – an isolate recently isolated from the field with no sequence data available. 
Similarly to OEDs (Chapter 2), more validation of these primers is required with other 
P. capsici and P. tropicalis isolates (not in this study) from around the world to be more 
confident that these primers are truly species-specific.  
One bottleneck for designing primers that are within effector regions, is that the known 
effectors are all from the reference isolate. As the reference isolate has been regularly 
sub-cultured on media and not in a natural, field environment, the effector repertoire 
of this isolate may not contain effectors that are present in field isolates. Therefore, we 
may be missing out on effectors with diagnostic capability. A possible step to 
overcome this would be to annotate the three field isolate genomes to identify 
effectors, including RXLRs and CRNs, then run the pipeline with these regions as 
targeted regions by the inclusion of a GFF file with the locations on the genomes of 
the effector genes. This would be interesting to explore in other oomycetes and plant 
pathogens. 
The published pipeline from Pritchard et al. (2012) was successful in generating primer 
sets that were 100% sensitive and 100% specific to the E. coli outbreak isolate and 
detecting Dickeya species (Pritchard, 2013). Employing the pipeline to generate P. 
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capsici isolate-specific primers required sequence data from target and off-target 
species. Currently, there is only one published P. capsici genome sequence – a 
laboratory isolate derived from back-crossing two field isolates. For PDP to generate 
isolate-specificity, more sequenced isolates of P. capsici were required (discussed 
further in Chapter 4). The inclusion of three other sequenced genomes of P. capsici 
isolates gave us the foundations to be able to discriminate between isolates by 
generating isolate-specific primers. 
3.4.3 Validation of primers in MCL predicted effectors  
The majority of the effectors predicted to be P. capsici specific from the MCL analysis 
also amplified the closely-related species, P. tropicalis. Incorporating protein 
sequence data from P. tropicalis during the Blastp search would likely discard all of 
these shared effectors. Despite the protein data deriving only from one target isolate 
(LT1534 – the published reference genome), amplification from other P. capsici 
isolates was seen in most cases. Three effectors were not identified in all P. capsici 
isolates. This may indicate a loss or change in effector repertoire notifying the genetic 
diversity amongst different isolates. On the other hand, the primer binding sites may 
have mutated but the effector sequence is maintained. More validation of these primer 
sets is required. 
3.4.4 Enhancements to PDP – Emulating Primersearch 
A proposed enhancement for PDP is to emulate Primersearch by using Bowtie2. The 
cross-hybridisation step takes up the majority of the computational time used while 
running PDP (Pritchard et al., 2012). An effective way to reduce the time taken to run 
the pipeline could be to emulate the role of Primersearch in the cross-hybridisation 
step using Bowtie2.  
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Primersearch searches for the presence a primer pair (in the correct orientation and 
with the correct separation on the target) in a target genome. This is a serial search, 
one primer set at a time, and can take a considerable amount of time with large 
datasets. Bowtie2 is an alignment tool that aligns short reads to longer sequences, 
such as draft or reference genomes. Bowtie2 works by indexing the reference 
genome, meaning that genomes are cut up into small fragments and locations are 
“tagged” for reference. This can make PDP more efficient by not having to compare 
against the complete genome, but instead, smaller fragments. 
To emulate the Primersearch step, a possible approach would be to use Bowtie2 to 
map all the predicted primer sequences to the target genome as if they were paired-
end reads, end-to-end and reporting all alignment locations. SAM/BAM output would 
contain the mapping locations including the insert size (amplicon). The desired 
amplicon size could then be searched for.  
3.4.5 Future work – Compare output with OEDs’ and ultimately use in the 
field 
An interesting next step would be to compare the output of OEDs and the output of 
PDP. As both pipelines are capable of generating species-specific primers by different 
methods, there may be overlap in that the same regions/primer sets are identified by 
both pipelines. Both pipelines are capable of generating species-specific primers 
within and outwith CDS regions. However, the species-specific primers that I have 
discussed in this chapter from PDP are only within effector-coding regions due to the 
inclusion of the “effector isolate” dataset. When the GFF file issue has been resolved, 
it would be interesting to observe and compare the outputs of both pipelines. Would 
there be any overlap in similar or same regions? Would one pipeline dominate in terms 
of numbers of primers generated? What are the success rates of both pipelines in 
80 
 
diagnosing target isolates? This would be tested by running both pipelines with the 
same input data (draft genomes instead of read data in OEDs) and incorporating the 
same GFF file. In silico and wet lab PCRs would help validate the sensitivity and 
specificity of the pipelines.  
The ultimate goal of PDP is to design discriminatory primers that are capable of 
distinguishing between species, isolates within a species or subgroups within a 
species and to use these to diagnose P. capsici isolates in the field. To meet this goal 
for P. capsici, more work is required. More sequence data from target (P. capsici) and 
off-target species are required to achieve effective sequence targeting and filtering 
steps to minimise false positive primer sets. The primer sets also have to be thoroughly 
validated in the lab with target isolates that were not included in the pipeline. What is 
also important to consider is the application of these primers in the field. Are the 
primers able to diagnose from infected material, or does the pathogen still require to 
be isolated and grown in the lab as is done currently. Ideally, diagnosis should occur 
on site, so isolation of the pathogen in the lab should be advised against if there is a 
suitable, effective alternative diagnosis method available. However, comparing the two 










Chapter 4: Sequencing the P. capsici reference genome 
and multiple field isolates using Illumina, MinION and 
PacBio technologies 
 
4.1 Introduction – the importance of genome sequences 
Availability of a high-quality reference genome is highly desirable to researchers. 
Genomes allow evolutionary, functional and comparative analysis to be performed on 
a genome-wide scale (Michelmore, 2000). The ability to sequence and analyse full 
genomes is fundamental in genomics. In plant pathology, genetic studies are important 
in understanding the mechanisms that underpin the infection process. Genomics have 
accelerated the discovery of genes required for pathogenesis, virulence and 
avirulence in pathogens. For example 84 full length CRN effector proteins were 
identified from the P. capsici reference genome by using a computational pipeline 
approach (Stam et al., 2013). The identification of novel pathogen effectors and R 
genes in crops from genomic studies has driven recent plant pathology research in the 
lab (Stam et al., 2013, Bos et al., 2003, Neupane et al., 2018). Performing genomic 
studies from field infections would give researchers an up-to-date snapshot as to what 
is happening in the fields, rather than the lab.  
4.1.1 Short read sequencers – first, second and generation technologies 
Emerging in 1977, the Sanger sequencing method has been the most commonly used 
method for whole genome sequencing for three decades (Sanger et al., 1977, Kulski, 
2016). Also known as chain terminating, the Sanger method involves fluorescently 
tagged nucleotides with a DNA primer, polymerase and a template strand (Figure 4.1). 
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The DNA strand is generated until a fluorescently tagged nucleotide is added which 
ceases extension and emits light. These signals can be arranged in size order 
determining the sequence (Sanger et al., 1977). However, this process was, and still 




The development of second generation technologies including 454 (Roche) and 
SOLiD (Applied Biosystems/Life Technologies) were prominent in the 2000s. The 454 
method uses a sequence-by-synthesis approach, similar to Sanger, but with a number 
of differences. Light emitted from luciferase was used to identify nucleotide changes 
instead of fluorescently tagging them (Heather and Chain, 2016). Also, 454 method 
produced millions more reads than the Sanger method. The sequencing by 
oligonucleotide ligation and detection (SOLiD) method uses a sequence-by-ligation 
Figure 4.1. The Sanger sequencing method (chain termination). Left) The addition of fluorescent nucleotides 
(A, T, G and C) prevents further sequencing. Centre) observing the fragment sizes by electrophoresis. 
Right) The fully sequenced fragment. Image adapted from (Heather and Chain, 2016) 
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approach (Heather and Chain, 2016). DNA ligase is used to ligate nucleotide probes 
to a DNA template. When a probe ligates to the template, light is emitted and the 
sequence can be read (Pereira, 2015).  
By the mid-2000s, next generation sequencing (NGS) methods were introduced to the 
sequencing community, offering higher throughput at a significantly reduced cost 
(Heather and Chain, 2016). Illumina sequencing offers millions of high-quality reads 
at a significantly lower cost compared to Sanger sequencing, using a method known 
as sequencing-by-synthesis. Although both Illumina and Sanger systems use 
fluorescent signals to determine base changes, both systems are different. Illumina 
platforms such as the MiSeq and HiSeq, sequence millions of reads at a time by 
continually recording the fluorescence emitted from each nucleotide added on an array 
containing millions of fragments, whereas Sanger systems sequence one fragment at 
a time as described above (Sanger et al., 1977, Mardis, 2008). Two different oligo 
fragments are attached to the Illumina flowcell. Adapters are added to the ends of the 
DNA fragment to be sequenced. One of the adapters hybridises to one of the oligos 
on the flowcell surface. The sequencing of the DNA fragment can be read from 
recording the order in which coloured light is emitted from the addition of a new 
nucleotide to the template strand. Millions of these sequencing events occurs 
simultaneously across the surface of the flowcell, creating millions of reads.   As 
sequencing costs reduced significantly and the quantity of sequence data increased 
in the late 2000s/early 2010s, this gave rise to an increase in whole genome 
construction publications (Ossowski et al., 2008, Schatz et al., 2010, Potato Genome 




4.1.2 Third generation technology – long read sequencers 
Between 2014-2015, the price of genome sequencing reduced further. Biotechnology 
companies such as Oxford Nanopore Technologies (ONT) and Pacific Bioscience 
(PacBio) have developed novel sequencing methods (third generation sequencing) 
that can generate ultra-long reads.  
4.1.3 The MinION portable sequencing device 
The MinION from Oxford Nanopore technologies is a third generation, real time, 
portable sequencing device capable of generating long reads from high molecular 
weight (HMW) DNA. The sequencing is performed on a detachable flowcell which 
contains a sensor chip array where the DNA is sequenced. The array is made up of 
2048 wells embedded on an electrically charged membrane. During a sequence run, 
there are 512 pores available for sequencing at any time split into 4 multiplexer MUX) 
stages. DNA is sequenced by passing a strand through a pore in the charged 
membrane. The passage of bases generates a sequence-specific signature which is 
interpreted and converted to a readable sequence (Figure 4.2). As this technology is 
yet in its infancy, the basecall error rates are relatively high and have less coverage 





Often incorporating Illumina short reads, MinION sequence data has been used for 
many recent genome constructions and re-assemblies including bacteria, yeast, 
viruses and animals (Loman et al., 2015, Jansen et al., 2017, Karl et al., 2017, Hoenen, 
2016, Liem et al., 2017, Istace et al., 2017). Like Illumina, the MinION is not restricted 
to genome assembly projects, the technology has also been used to diagnose 
emerging pathogens (Quick et al., 2015, Quick et al., 2016). The portability of the 
MinION has been beneficial for researchers in many fields to use the technology 
outwith a laboratory setting. Sequencing on-site and in real time, can increase the 
prospect of obtaining a correct diagnosis much faster than previous methods. Also, 
the MinION can be used on-site which enables rapid genomic diagnostics of emerging 
Figure 4.2. Sequencing DNA using nanopore technology using the MinION. A: The DNA is attached 
to a motor protein that binds to a pore protein embedded on an electrically charged membrane. B and 
C: The DNA is unzipped by the motor protein and one strand is passed through the pore protein. As 
the strand passes through the pore, the electrical current is altered. Changes in current (known as 
“events”) can be interpreted and translated into nucleotide base pairs/dyads thus, delivering a 
readable sequence. D and E: After the DNA has been passed through, the motor protein detaches 
and waits the arrival of another DNA strand to be sequenced.  
A C B D E 
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diseases in resource-poor locations (Hayashida et al., 2019, Hoenen et al., 2016). 
Despite the increasing number of publications of genome assemblies using the 
MinION, as far as we are aware, the device has not been used to sequence any 
oomycete genomes (including Phytophthora spp.).  
4.1.4 PacBio Sequencing 
Similarly to the MinION device from ONT, PacBio also generates long reads from 
HMW DNA. PacBio uses Single Molecule, Real-Time (SMRT) technology which 
involves a SMRT cell containing 150,000 – 1,000,000 bottomless wells (depending on 
which SMRT platform is used). These wells are known as nanoscale observation 
chambers (Zero Mode Waveguides (ZMW)). During library preparation, two hairpin 
adapters are added to each end of the double stranded DNA fragment, resulting in 
circularisation – this is termed a SMRTbell construct. The library is loaded onto the 
SMRT cell where a primer and polymerase anneal to one of the SMRTbell adapters in 
each well. In an ideal sequencing run, every well would be utilised with a single 
SMRTbell construct. The sequencing reaction occurs within each ZMW, where a small 
light signal is recorded with every addition of a fluorescently tagged nucleotide in real 
time. Sequencing of a circularised SMRTbell generates a linear DNA fragment.  
PacBio sequencing, like all sequencing methods, is error prone. The error rate of 
PacBio sequencing is around 13% and is likely caused by low sequencing depth which 
can result in base calling and mapping errors (Kulski, 2016). As PacBio sequences in 
a circular motion, longer SMRTbell constructs may result in less overlapping sequence 
passes, resulting in a higher chance of single pass error and less depth coverage 
(Ardui et al., 2018).  However, sequencing short length SMRTbell constructs results in 
lots of replicates, known as sub reads. These subreads can be combined together to 
obtain a highly accurate consensus sequence taking into account the depth of 
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coverage. The length of these reads are shorter but more accurate than longer 
SMRTbell constructs. Sequencing longer SMRTbell fragments can result in read 
lengths of up to 10Kb.  
There are many advantages of using third generation technologies including the low 
cost per genome, the ability to sequence repetitive genomic regions, the ability to 
sequence highly homologous genomic regions, the ability to identify structural 
variants, and the ability to use alongside high quality, short read data to obtain hybrid 
assemblies. MinION and PacBio technologies have allowed researchers to sequence 
and reconstruct genomes more easily, evidenced by an increasing number of 
published genome sequences that have been genereated with third-genereation 
technologies. (Chalupowicz et al., 2019, Loman et al., 2015). 
Genome construction projects are now using a combination of long read technology 
(MinION and PacBio) and short read technology (Illumina) to improve existing 
genomes and construct novel genomes using a hybrid assembly approach (Karl et al., 
2017, Kranz et al., 2017, Gulvik et al., 2019). This approach benefits from the long 
reads that can span longer distances – sometimes repeat rich or homologous sections 
– and the high quality from the short reads to boost the confidence of the consensus.  
4.1.5 The Phytophthora capsici reference genome 
To date, there is currently one publicly available Phytophthora capsici sequence from 
a single isolate (Lamour et al., 2012a). This isolate (LT1534) was produced by mating 
two field isolates; LT263 and LT51. The offspring were backcrossed twice with LT263 
to generate LT1534. The isolate was sequenced using 454 and Sanger sequencing at 
454 Inc. (Branford, CT) and the Joint Genome Institute (JGI, Walnut Creek CA) 
respectively. The sequenced reads were assembled using Arachne (v.20071016) and 
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passed through Rebuilder and SquashOverlaps to merge assembled sequences 
together. The 64Mbp reference genome is comprised of 917 scaffolds and has an N50 
of 706kbp (50% of the assembly can be produced with contigs of this length or longer) 
with a genetic map of 54Mbp (84% assembled genome length).  
The P. capsici genome is made up of multiple scaffolds and has many gaps and N 
regions, and the process of creating a genetic map was further complicated by a high 
number of heterozygous polymorphisms (1 in every 100bp) (Hu, 2019). Also, regions 
within the genomes in both parent and progenies were observed to switch to one of 
the parental haplotypes (known as loss of heterozygosity (LOH)). LOH is common 
within the Phytophthora genus and is thought to be responsible for genetic diversity 
between species (Hu et al., 2013a, Hu et al., 2013b, Shrestha et al., 2014, Turner et 
al., 2017). Phytophthora species are known to have large repetitive regions across the 
genome (P. infestans – 74%, P. sojae – 39%) (Haas et al., 2009). However, compared 
to other species, only 19% of the P. capsici genome is made up of repeated regions. 
Similarly to other Phytophthora species, the majority (85%) of the repetitive regions 
are retrotransposons with long terminal repeat sections. These issues, combined with 
the second generation sequencing techniques used, where the reads were much 
shorter than the repetitive regions makes it harder to assemble, were responsible for 
the length of time the project took to complete (7 years) (Lamour et al., 2012a). 
In this chapter, I will describe the process and analysis of using multiple sequencing 
methods and technologies to sequence five P. capsici isolates (LT1534, AD84, Q108, 
Y006 and AP154). Our aims included constructing three draft genomes of known P. 
capsici field isolates to use with our two computational pipelines. Another aim was to 
sequence P. capsici isolates using the MinION/PacBio technology to (i) attempt to 
improve the existing P. capsici reference genome (LT1534) and (ii) sequence P. 
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capsici field isolates of interest (two aggressive field isolates – one of which was newly 
isolated from the field – Chapter 5).  
 
4.2 Methods 
4.2.1 Phytophthora capsici growth conditions 
All P. capsici isolates were grown on V8 media for 5 days in the dark at 25°C. Four, 
1cm chunks of V8 were cut from each plate and placed in a petri dish with pea broth 
solution for 5 days in the dark at 25°C to form mycelial mats. The V8 chunks were cut 
from the mycelia and discarded. The mycelia was washed and dried at room 
temperature for an hour before flash freezing with liquid nitrogen and stored at -70°C. 
4.2.2 DNA extraction method for Illumina sequencing 
DNA was extracted from three field isolates of P. capsici (AD84, Q108 and Y006) using 
a chloroform/phenol method for Illumina sequencing. For each isolate, mycelia were 
ground to a fine powder with liquid nitrogen and 400 µ𝑙 of CTAB 3X buffer. After 
inversion for 30 minutes at 65°C, one volume of 1:1 phenol:chloroform was added and 
inverted for a further 10 minutes. The supernatant was collected after samples were 
centrifuged at 13,000 rpm for 30 minutes. The supernatant was precipitated in one 
volume of cold isopropanol and 0.1 volume of sodium acetate and stored at -20°C 
overnight.  
Samples were centrifuged for 30 minutes at 13,000 rpm and the pellets were washed 
twice with 400 µ𝑙  70% ethanol and centrifuged again at 13,000 rpm for 5 minutes after 
each wash. The ethanol was discarded and the samples were left to dry at room 
temperature for 2 hours. The pellets were re-suspended in sterile distilled water, 2 µ𝑙  
of RNAse was added and incubated at 37°C for 1 hour. The samples were then 
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cleaned using magnetic beads (Agencourt) and concentration was measured with 
Qubit then sent to Enza Zaden (EZ) for re-sequencing.  
4.2.3 Illumina Sequencing – three P. capsici isolates 
The three P. capsici field isolates were re-sequenced using the Illumina Miseq platform 
(V3 2x300bp) at EZ. The bioinformatic analysis was performed at the James Hutton 
Institute (JHI). Reads were trimmed and assembled using multiple combinations of 
trimming tools and assemblers (Figure 4.3). Quast was used to report the quality of 
each assembly. The combination of tools that had optimal assembly quality for all three 
isolates was used to construct the draft genomes.  
 
4.2.4 DNA extraction methods for MinION sequencing runs 1-2 
Phytophthora capsici mycelia were ground into a fine powder using a mortar and 
pestle with liquid nitrogen and re-suspended in four volumes of DNA extraction buffer 
(100nM tris-HCL pH 8, 70nM EDTA pH 8, 2% (w/v) SLS, 2% (w/v) 2-mercaptoethanol 
and 100µg/ml proteinase K). After incubation a 55°C for 1 hour with several inversions, 










Figure 4.3. A flow diagram showing the combinations used for trimming and 
assembling P. capsici sequence data from EZ. Top line are the two trimming tools 
used, Trimmomatic (Bolger et al., 2014), Sickle (Joshi, 2011) and the bottom line are 
the four assemblers used, MIRA (Chevreux, 1999), SOAPdenovo (Li et al., 2010), 
SPAdes (Nurk et al., 2013) and Velvet (Zerbino and Birney, 2008) . 
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added. The samples were vortexed and centrifuged for 10 minutes at 10,000 rpm and 
the supernatant was collected. The chloroform/isoamyl alcohol step was repeated. 
DNA was precipitated by transferring the supernatant to an Eppendorf tube with 1ml 
isopropanol. After inverting five times, and stored at -20°C for 15 minutes, a DNA pellet 
was formed by centrifugation at 10,000 rpm for 10 minutes. The supernatant was 
discarded and the pellet was washed with 1ml 70% ethanol then 1 ml absolute ethanol. 
After air drying the pellet, the samples were re-suspended in 100µl TE buffer (10mM 
Tris/HCl, pH 8 and 1mM EDTA) at 55°C. The DNA quality was assessed by 
electrophoresis with a high molecular weight ladder and Nanodrop analysis. 
4.2.5 DNA extraction methods for MinION sequencing runs 3-7 (Blaxter 
Lab Method) 
Phytophthora capsici mycelia was ground into a fine powder using a mortar and pestle 
with liquid nitrogen. 600µ𝑙  Qiagen Cell Lysis buffer and 10ul Proteinase K (20mg/ml) 
was added to ~100mg of mycelia powder for each sample. After mixing by rotation 
and gently spun down in a microfuge, samples were stored at 56°C overnight with 
periodical mixing by inversion. 4µ𝑙  RNAse (100mg/ml) was added and gently mixed 
by inversion and gently spun down then incubated at 37°C for 1 hour. 200µ𝑙  Qiagen 
Protein Precipitation Buffer was added before gently mixing by inversion, gently spun 
down and incubating for 10 minutes on ice. Samples were centrifuged for 31.5 minutes 
at 16,600G at 4°C. The supernatant was collected and 600ul isopropanol was added 
before mixing by inversion, gently spun down then stored at -20°C for 10 minutes. 
Samples were centrifuged at 4°C for 31.5 minutes at 16600G. The supernatant was 
removed and 600µ𝑙  of 70% ethanol was added to resuspend the pellet. The samples 
were mixed by inversion, gently spun down and stored in ice for 10 minutes. Samples 
were centrifuged again at 4°C for 31.5 minutes at 16,600G. The supernatant was 
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discarded and the pellet was left to dry at room temperature for ~ 1 hour. The pellets 
were resuspended in 20µ𝑙   EB buffer solution and stored at 4°C overnight before 
permanent storage at -20°C. The DNA quality was assessed by electrophoresis with 
a high molecular weight ladder and Nanodrop analysis. 
4.2.6 MinION sequencing – the P. capsici reference isolate  
All (seven) sequence runs followed the SQK-RAD003 rapid 1D sequencing protocol 
with FLO-MIN107 flow cells. The initial MinION sequence runs (1-3) had a DNA 
concentration of input of 500ng (as stated in official protocol). Subsequent MinION 
sequencing runs (runs 4-7) had increased concentrations of DNA of 700ng. MinKNOW 
(1.4.2) was used on an Intel core i7 processor running Ubuntu 16.04 LTS for 
sequencing. Basecalling was performed using Albacore. Nanoplot was used to assess 
the quality of the reads before de novo assembly using the long read assembler, Canu 
(Koren et al., 2017). Assembly quality was reported with Poretools (Loman and 
Quinlan, 2014). 
4.2.7 Pacific Biosciences Sequencing – three P. capsici isolates 
DNA from three P. capsici isolates (LT1534, AD84 and AP154) was extracted using 
the DNA extraction method mentioned above (adapted Blaxter lab protocol, University 
of Edinburgh (previously used for DNA extraction of cyanobacteria and nematodes)). 
DNA quality and quantity were measured using Nanodrop and Qubit. The three DNA 
samples were sent to Novogene (Hong Kong), an external sequencing company, to 
carry out the library preparation and PacBio sequencing using the PacBio Sequel 
platform. Sequenced read data was corrected, trimmed and assembled using Canu 





4.3.1 Sequencing three field isolates at EZ using the Illumina MiSeq 
Three P. capsici field isolates (AD84, Q108 and Y006) were sequenced at EZ using a 
MiSeq Illumina platform (Table 4.1). The average read length was considerably shorter 
than expected, although the number of reads was high (9.2-11.9 million reads per 
isolate). Theoretical coverage assuming a genome size of 64Mbp was 18.75x. 
Although extremely low, downstream analysis was pursued. 
 
Table 4.1. The number and average length of sequencing three P. capsici isolates using 
Illumina MiSeq at EZ. 
P. capsici isolate No. of reads Average read length (bp) 
AD84 11,925,908 91.1 
Q108 9,287,596 101.8 
Y006 11,215,904 116.2 
 
 
Reads were trimmed and assembled using a combination of different tools available 
on the JHI computer cluster (Figure 4.3). Two trimming tools, Trimmomatic (Bolger et 
al., 2014) and Sickle (Joshi, 2011), and four assemblers, SPAdes (Nurk et al., 2013), 
MIRA (Chevreux, 1999), Velvet (Zerbino and Birney, 2008) and SOAPdenovo (Li et 
al., 2010). Assemblies produced by each approach were assessed for quality using 
Quast. The output from Quast is shown in supplementary file 1.  
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The Trimmomatic and SPAdes combination had higher N50 values, higher genome 
fraction % coverage (when mapped to the P. capsici reference genome) and a lower 
number of contigs with a similar total length compared to all other combinations 
(supplementary file 1). The graphical output shows that SPAdes had longer and a 
fewer number of contigs (Figure 4.4). The three assembled genomes were used in 
subsequent experiments and studies, including the development of OEDs (Chapter 2) 
and PDP pipelines (Chapter 3). 
Figure 4.4. Graphical output from QUAST for each isolate showing the different assembly methods from 
Trimmomatic trimmed reads. Number of contigs and the length of contigs are shown on the x and y axis 
respectively. The different assemblers are represented by different colours, as shown in the key. The 
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4.3.2 Sequencing the reference isolate using the MinION  
Seven MinION flowcells were used to sequence the reference P. capsici isolate, 
LT1534. The methodology was adapted after each flowcell to try and increase read 
count, length and quality. The results from each run improved over time after adapting 
the protocol (Table 4.2). For instance, the mean read length and N50 both increased 
after each run. Several issues prevented us from obtaining the expected read count, 
read length and quality including the physical process of loading the sample onto the 
flowcell without the introduction of air bubbles and also the number of viable pores on 
the flowcell that were available for sequencing.  
Table 4.2. Nanoplot statistics for the first four sequencing runs of P. capsici with the MinION. 









































3 Blaxter 18 517 31,869,889 1728 158 1278 14,290 2405 
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Reads from the P. capsici sequencing runs 1-6 were compiled together and 
assembled de novo using Canu and assessed with Quast (Figure 4.5 and 
supplementary file 2). With an assembly error rate of 10% (not aligning sequences 
with >10% differences), a total of 2,346 contigs were produced from the compiled 
sequence dataset from MinION runs 1-6, with an N50 of 17,940, NG50 of 5,154 
covering 43.72% of the P. capsici genome. Read distribution was shown for all read 




Figure 4.5. Graphical output from Quast for the assembly of the combination of read data from runs 1-
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Figure 4.6. The read length distribution of P. capsici isolate, LT1534 after compiling MinION 
sequencing data from runs 1-6. Graph generated by FastQC. 
 
4.3.3 Sequencing multiple P. capsici isolates with PacBio  
The DNA of three P. capsici isolates (LT1534, AD84 and AP154) was extracted using 
the Blaxter lab method (section 4.2.5) and sent for PacBio sequencing at Novogene, 
HK. The quality and fragment sizes of the DNA was assessed before the library 




The quality control results indicated slight RNA contamination and moderate 
precipitation in all samples. Purification of all three samples was required and 
undertaken before sequencing on the PacBio Sequel platform. Read statistics from 
PacBio sequencing showed that the two field isolates had similar average read 
lengths, with a slightly lower average for the reference isolate (LT1534) (Table 4.3). 
This pattern was seen in other statistics, with the two field isolates (AD84 and AP154) 
having a higher number of reads, total number of bases and higher N50 than the 
reference isolate. The read distributions of the two field isolates are similar to that of 
the reference isolate (Figure 4.8). 











AD84 12.634 1470079 8594 10938 
LT1534 8.588 1253599 6850 7682 
AP154 11.99 1390899 8619 11058 
Figure 4.7. The electrophoresis gel with HMW DNA of three P. capsici isolates run by Novogene 
(HK) for quality control before PacBio sequencing library preparation  S: standard sample (50ng), 
M-1: Trans 2k plus DNA ladder, M-2: Trans 15k DNA ladder, 1: AD84, 2: LT1534, 3: AP154. 0.5ul 
loaded for each sample 
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The reads were converted into fastq file format from bam files using Bam2Fastq, then 
corrected, trimmed and assembled using Canu with default settings. 
 
Figure 4.8. The distribution of read length from PacBio sequencing for three P. capsici isolates 
(AD84, LT1534, AP154) sequenced at Novogene (HK) 
Subreads Length Distribution LT1534 
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The graphical output from Quast reflects similar features to the distribution (Figure 4.9 
and Figure 4.8). The statistical output from Quast is found in supplementary file 3. 
Assembling the two field isolates (AD84 and AP154) resulted in a similar number of 
contigs, N50 and NG50 (50% of the reference genome can be assembled using 
contigs of this length or longer) (Table 4.4). All three assemblies were extremely large. 
The reference genome has a total length of 56,034,254bp whereas all three PacBio 
assemblies were around 3x in length. 
Figure 4.9. Graphical Output for analysing the assembly quality of PacBio data for the three 
P. capsici isolates (red) with the P. capsici reference genome (segmented line) for comparison.  
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Table 4.4. Selected assembly statistics from Quast for the assembly of three P. capsici isolates 



















AD84 2944 1049 91,189 303,497 84.52 182,098,825 
LT1534 4923 575 37,651 105,190 88.26 132,701,540 




Sequencing technologies have adapted and been developed extensively over the last 
50 years. Advances in sequencing technologies has enabled researchers to sequence 
and study multiple genomes at a relatively low cost. Sequencing plant pathogen 
genomes has allowed researchers to study the genetics of the pathogen and also the 
mechanisms that are involved in causing diseases on host plants. A deeper 
understanding of the mechanisms that underpin plant pathogen infection is crucial to 
prevent crop losses, develop resistant crops and provide sufficient crops for the 
increasing population.  
Three different sequencing technologies have been used in this chapter: Illumina, ONT 
and PacBio. Illumina sequencing generates high quality, short reads and there are an 
abundance of computational tools and online advice available. However, long read 
sequence technology is less mature and not as routinely available as short read data 
and, therefore, there are not as many computational tools or assistance on data 
analysis. As long read technology advances and more studies are published, more 
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tools and advice are becoming available making it easier to progress with third 
generation sequencing data. Hybrid assembly approaches using both short and long 
read sequencers is becoming more popular for generating or improving genome 
sequences.  
4.4.1 Illumina sequencing at Enza Zaden (EZ) 
The sequenced reads from Illumina MiSeq at EZ, were shorter than expected. To 
extract the best possible assemblies, the reads were trimmed and assembled using a 
range of different tools to find the combination that provided the optimal results. From 
analysing the statistical and graphical output from Quast for all assembly 
combinations, Trimmomatic and SPAdes had consistent results for all three isolates 
and also had superior stats compared to the other combination of tools in regards to 
% genome coverage, number of contigs and N50. However, sequence data from each 
of the three isolates only cover around 50% of the reference genome. With each 
assembly covering only half of the reference genome, it was clear that all three 
assemblies were poor. Despite the quality of the assemblies, they were used in further 
experiments, including OEDs and PDP development as input data (chapter 2 and 3 
respectively).  
The sequencing produced very short reads even before trimming. This may have been 
due to the DNA extraction protocol used. The fragments of DNA may have been 
excessively sheared and therefore resulting in shorted than expected reads. To rectify 
this, assessment of DNA fragment length and quality could be extensively reviewed 
before sequencing. For example, electrophoresis - running the DNA on an agarose 
gel to observe any degradation and average fragment length, or using the Qubit to 
assess for any impurities in the sample. 
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4.4.2 MinION – A promising tool for future genome sequencing projects 
Although my work with the MinION sequencer improved after every run, the flowcell 
never produced the expected read lengths or numbers for an efficient or acceptable 
reference genome assembly. The quality and fragment length of the DNA used in runs 
1 and 2 was not good enough (the flowcell used for run 1 was also used to test the 
flowcell and loading procedure with lambda DNA. Inefficient washing of the flowcell 
resulted in residual DNA from the previous run). This was down to the extraction 
method used where the DNA was excessively sheared with the vortex rigorous 
inverting. Therefore, for subsequent runs, the Blaxter method (section 4.2.5) was 
used. This step does not use the vortex or any rigorous shaking of the samples, 
reducing unnecessary shearing. Further improvements were made to the protocol for 
subsequent runs, such as pipetting slower, cutting off pipette tips to make them wider 
and using an increased DNA concentration for loading onto the flowcell.  Even after 
combining reads from runs the first six runs and assembling as a single genome with 
Canu, only 43% of the P. capsici reference genome was covered (Table 4.2). As the 
output for each run gradually improved (increased average read length and N50 etc.), 
there was evidence that the changes implemented to the protocol had positive impacts 
but not enough to generate enough data for a hybrid genome assembly.  
It became clear that sequencing the P. capsici reference isolate with the MinION was 
a challenging process. Obtaining high throughput, good quality, and ultra-long reads 
from the MinION is heavily reliant on HMW DNA. It is widely accepted amongst the 
Nanopore community (not so much in the published literature) that the DNA extraction 
and preparation has to be meticulously handled throughout the protocol. For example, 
to obtain expected reads lengths of >1000bp, vortexes and shakers cannot be used 
as these shear the DNA into smaller fragments. In addition, the MinION can detect the 
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slightest presence of contaminants in the DNA sample. Chloroform and phenolic 
compounds used during extraction protocols can wreak havoc on the sequencing 
array, reducing the number of pores available for DNA molecule uptake and therefore 
reducing sequence output.  
The technique of loading the library sample was also intricate and required technical 
know-how and sufficient practice. The action of slowly pipetting the sample into the 
flowcell can easily introduce air bubbles into the liquid channels on the flowcell if not 
performed carefully and correctly. Introduction of air bubbles into the array during the 
loading of the sample onto the flowcell and damage the pores, rendering them 
dysfunctional. In regards to the technique of loading the sample for sequencing, there 
is little guidance available online and we found it to be very much a trial and error 
method. The action of loading the sample and minimising the introduction of air 
bubbles was practiced on used flowcells to help practice and gain confidence in the 
required technique.  
Furthermore, we found that the majority of the active pores (“ready for sequencing”) 
had “died”/become unavailable for sequencing after the first 24 hours during a 48 hour 
sequence run. In our experience, running the sequence run after 24 hours resulted in 
an increase in short reads which can skew read distribution graphs and output 
statistics. Therefore, sequencing runs 4-7 were stopped after 24 hours. Flowcells are 
designed to be re-used by washing the previous library with a designated wash kit. 
However, I found that after washing the array, the number of pores available for 
sequencing was low and therefore, was not viable for a second sequencing run forcing 
me to use fresh flowcells for each sequencing run. 
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The continuous use of sequencing runs on fresh flowcells and library preparation 
reagents was not financially viable for this project. The MinION has many benefits and 
has great potential for future use in diagnostics and genome sequencing but 
unfortunately, I was unable to take advantage of them in this project. A hybrid 
assembly approach using MinION data was not attempted due to the small number 
and short length of the MinION reads. I decided to pursue an alternative sequencing 
method to guarantee quantity and quality data to work with. 
4.4.3 PacBio Sequencing – Improved sequence data 
Similarly to MinION sequencing, PacBio sequencing requires HMW DNA of high 
quality. In this case the P. capsici DNA was sent to an external company for library 
preparation and sequencing (Novogene, HK) by experienced lab technicians who 
routinely use PacBio sequence technology. HMW DNA of three isolates of P. capsici 
were sequenced using PacBio (LT1534, AD84 and AP154), compared to one P. 
capsici isolate attempted with MinION sequencing (LT1534).  
The three isolates sent for PacBio sequencing required purification before library 
preparation. The quality control performed by Novogene reported that all samples had 
signs of RNA contamination and precipitation.  
The two field isolates (AD84 and AP154) produced better assemblies (more reads, 
longer reads, fewer contigs, higher N50 and NG50) than the reference isolate. The 
read length distributions for all three isolates were far greater than the MinION data, 
with more and longer reads. Interestingly, but not surprisingly, the sequenced 
reference isolate had the highest percentage genome coverage when aligned to the 
reference genome, compared to the two field isolates. Each assembly for the three 
isolates generated around 3x the reference genome length. This was unexpected and 
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may be rectified by incorporating Illumina reads to enhance the sequence depth 
coverage and boost confidence in the consensus sequence for each assembly. I may 
have enough sequence data to improve the existing reference genome. In-depth QC 
of the three assemblies may indicate if this is the case. It may be of interest to highlight 
the areas from other isolates that were not aligned to the reference genome to identify 
potential genes that may explain the aggressiveness of these isolates in the field 
(possible effector genes).  
4.4.4 Future work 
I am currently in the process of further assessing the three PacBio assemblies using 
BUSCO (Benchmarking Universal Single-Copy Orthologs) (Waterhouse et al., 2017), 
then aiming to annotate them with a view to identify effector proteins. A hybrid genome 
assembly for the P. capsici reference isolate would be a desirable next step. The long 
reads generated from the third-generation sequencing platforms can span long and 
repetitive regions where the short reads can align to and boost the confidence of the 
consensus sequence by extensive depth coverage. From comparing the outputs from 
the two, third-generation sequence methods, PacBio and Illumina reads would be the 
optimal choice for a chance to improve the existing P. capsici reference genome. 
Annotating the two PacBio sequenced, field isolates would be of interest to P. capsici 
researchers and industries. Obtaining annotated genomes from multiple P. capsici 
isolates could give researchers valuable information of present pathogen biology in 
the field. This may include newly identified effector genes that are not found or present 
in the reference. P. capsici researchers may want to direct their focus to studying P. 
capsici genomic studies using annotated field isolates rather than the current 
laboratory reference isolate in the future. Studying the genome of an isolate that was 
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recently isolated from the field will give researchers an up-to-date picture as to what 































Chapter 5: Collaborative efforts to bridge the Phytophthora 





We are facing a food security crisis due to climate change, unsustainable practices, a 
growing population and disease pressures (Fujimori et al., 2019, Bommarco et al., 
2013). To meet future demands, there is an urgent need for high yielding crops that 
allow sustainable food production in diverse and changing environments. Researchers 
and breeders must therefore rapidly respond to changing demands while maintaining 
focus on the development of successful field traits. Plant pathogens such as P. capsici 
are a threat to global crop production and industries are continually working to 
overcome this. Before vital research can be performed on these pathogens to 
understand the biology and molecular mechanisms that underpin the disease process, 
initial research into identification and diagnosis is required.  
5.1.1 Common industrial isolation and diagnostic procedure of P. 
capsici  
Phytophthora capsici can infect a large number of crops from different plant families. 
It poses a threat to many different crops around the world. There is currently no fool-
proof, efficient diagnostic tool to identify P. capsici from infected field material. Current 
best practice is to first isolate the pathogen from infected material in a laboratory, and 
sequence the ITS1 region (discussed in chapter 2). Isolating P. capsici from infected 
109 
 
material is notoriously difficult (Quesada-Ocampo et al., 2009, Manohara, 2004). The 
most commonly employed method is to use selective antibiotic media (pimaricin, 
ampicillin, rifampicin, penta-chloronitrobenzene (PCNB)) (PARP) (Jeffers, 1986), but 
this is prone to fungal contamination which hinders the diagnostic process. After P. 
capsici is successfully isolated, the ITS1 region is sequenced to confirm the pathogen 
species. However, the ITS1 regions within the species can vary on a nucleotide level, 
therefore increasing the likelihood of a misdiagnosis. In addition, this diagnostic 
method relies heavily on experienced pathologists. There is a clear need for a highly 
sensitive and specific P. capsici diagnostic tool that can be routinely used in the field. 
Importantly, such resources must be accessible and the tools workable to allow 
deployment in a crop setting. 
5.1.2 Collaborations between Researchers and Industry  
Collaborative efforts between academic and industrial researchers are seen to be 
advantageous for both sides and will be important in the battle against plant pathogens 
on important crops (Evans and Austin, 2010, Evans, 2010). The combination of the 
understanding of the pathogen biology from the researchers and the commercial and 
plant breeding knowledge from the industrial partners uniquely underpins productive 
efforts towards developing pathogen-resistant crops in a commercial setting.  
Collaborations between industry and academics are very beneficial (Guimón, 2013). 
From a research aspect, we can study pathogen biology on crops used in a field 
environment whilst in a controlled manner (Jupe et al., 2013). Results from these 
experiments can focus future research and hypotheses that are currently relatable to 
the field, rather than in the lab. The industry can benefit by understanding the host 
response from infection of pathogens that are prevalent in the field. This can drive 
breeding efforts that are focussed on developing resistant, commercial plants to 
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current plant pathogen threats (Visschers et al., 2019). Both sides also benefit from 
the knowledge transfer of working together with experts in both fields. Ultimately, 
collaborations can help production of fully commercial, resistant crops that can 
mitigate the food security crisis. 
The collaboration on this project with seed breeding company, Enza Zaden (EZ) and 
the University of Dundee has allowed lab-based research to move into a field-based 
setting. As pathologists, the majority of our research and focus is with pathogens in 
controlled lab settings. However, collaborating with an industry partner has enabled 
us to observe the P. capsici infection process on crops in a controlled field experiment. 
This has enabled us to understand what isolates may be of interest in regards to future 
genomic and molecular studies. 
One interest of Enza Zaden (EZ) is breeding crops for resistance against pathogens 
(including P. capsici) (Garibaldi, 2004, Vos et al., 1998, Visschers et al., 2019). Plant 
breeders research host biology and the mechanisms that are used to prevent 
pathogens from causing disease. This has been complicated further for P. capsici 
susceptible hosts due to the range in disease symptoms that the pathogen can cause. 
For instance, foliar blight and stem blight in pepper plants involve independent 
evaluation from breeders which may require identification of different or multiple host 
resistance genes for both disease symptoms (Barchenger et al., 2018, Monroy-
Barbosa, 2010). 
Resistance in commercial pepper plants is continually broken by P. capsici outbreaks, 
and results in whole crop losses when left untreated. However, the non-commercial 
pepper variety Criollo de Morelos (CM334) is known to have a strong resistance to P. 
capsici (Ortega et al., 1991). Efforts from seed breeding companies and research 
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organisations (including EZ) have been on-going to breed for resistance using CM334 
as a source of resistance. Despite the lack of knowledge of the mechanisms that 
encode resistance to P. capsici, several quantitative trait loci (QTL) have been 
identified from CM334. Highlighting and exploiting QTLs can be beneficial in the long-
term aim of the breeder to deliver a commercial crop that is continually resistant to 
pathogen outbreaks (including P. capsici) in the field. This is done by using markers 
to track potentially useful known loci in the host line. 
Plant breeders at EZ have generated a recombinant inbred line (RIL) of pepper plants 
derived from CM334 and the susceptible Maor variety resulting in over 200 pepper 
accessions. RIL populations can be a strong tool for genetic mapping, identifying QTLs 
of interest for plant breeders to focus on (Broman, 2005). RILs are produced by 
breeding two inbred lines together, then selfing or breeding with siblings to generate 
a “mosaic patterned” genome from the two parents. By genotyping these lines, novel 
QTLs of importance to developing resistant, commercial lines can be identified.  
The pepper RIL population at EZ has been phenotyped after P. capsici infection with 
a single isolate (Q108). The Q108 isolate was originally isolated from the field in 2008, 
and the routine use and sub-culturing on media plates in the lab may have potentially 
reduced the rate of infection and/or altered the genetic makeup, as seen in other 
organisms (Ansari and Butt, 2011, Shah et al., 2007). An experiment was set up to 
inoculate accessions of the RIL population with multiple isolates of P. capsici with the 
following aims: to identify possible isolate-specific outbreaks within individual 
members of the RIL (if particular isolates can cause infection in accessions that other 
isolates do not); to identify resistant RIL members that may identify novel QTLs; and 
to determine whether any of the field isolates of P. capsici break host resistance. 
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5.1.3 RNA sequencing (RNAseq) – Genetic expression of P. capsici 
isolates during early stages of infection 
In regards to P. capsici biology, it is important to identify the genes responsible that 
cause and proliferate infection. When genes are identified, studies can be focused on 
the exact roles they play and how they interact with the host. Jupe et al. (2012) showed 
there are distinct changes in gene expression in regards to P. capsici infection on 
tomato in a time course microarray experiment. Subsequent studies have used 
RNAseq to observe gene expression at various life stages of the pathogen including 
mycelial growth, zoospores and cysts  (Chen et al., 2013) 
Expression profiles of individual isolates during the early stages of infection on pepper 
would be advantageous to researchers. This would enable researchers to investigate 
possible effectors that are expressed early in the infection process and also their 
targets in the host. Commonly expressed genes at this particular time point as well as 
isolate-specific expressed genes, may be of interest to phytopathologists. Expression 
profiles can also give rise to the discovery of polymorphisms in genes between 
different isolates which may have a bearing on levels of expression and/or infection. 
For example, genes differentially expressed in a single isolate may indicate 
activities/processes specific to that isolate.  
5.1.4 EWINDO – Isolating P. capsici isolates from Indonesian fields 
East West Seed Indonesia (EWINDO) is a seed breeding company based in 
Indonesia. They work directly with farmers, advising on best agricultural practices and 
products to boost yields. The heat and humidity in Indonesia are ideal conditions for 
Phytophthora capsici to thrive. Phytophthora capsici is prevalent in many fields across 
Indonesia (especially chilli pepper) and threatens to wipe out entire crops. To help 
prevent this, EWINDO researchers and technicians are deployed to farms to take 
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samples and diagnose and advise the best method to treat the crops to prevent further 
losses. Phytophthora capsici is extremely difficult to isolate from infected material, and 
diagnosis at EWINDO is performed by observing the growth on media, and 
microscope examination of sporangia morphology. This method has a number of 
disadvantages: mycelial growth on plates can differ amongst isolates (Figure 5.1) and 
be similar to off target species such as Pythium; and it is an expert task to distinguish 
between species when diagnosing by sporangia morphology.  
 
 
Figure 5.1. The mycelial morphology of four P. capsici isolates on V8 agar grown in the dark 








In this chapter, I will discuss experiments conducted at two industry companies (EZ 
and EWINDO) and how they are related to the research project and important for both 
P. capsici researchers and crop breeding industries. One aim of this chapter was to 
isolate field strains of P. capsici from predicted P. capsici infected crops. These 
isolates (and others) would then be used to infect the pepper RIL population at EZ. 
The outcomes of this experiment would benefit both pathogen researchers and plant 
breeders. By infecting the RIL population, differences in pathogen population (lab and 
field isolates) could be observed whilst the breeders would gain valuable information 
on potential RIL accessions that may or not show resistance to a range of P. capsici 
isolates, informing future breeding programs. 
 
5.2 Materials and Methods 
5.2.1 Sampling infected material from Indonesian farms 
Sampling of infected material took place at three different locations on two Indonesian 
Islands (Lembang and Yogyakarta on Java Island, and Lampung on Sumatra Island) 
(Figure 5.2). I visited multiple pepper fields were visited at each location at three 
different altitudes (Lowlands, Midlands and Highlands) (Table 5.1). Infected plants 
were easily identified compared to healthy plants (Figure 5.3.A). Diseased plants 
showed wilting, lack of foliage and stunted growth. Samples were taken from 
suspected P. capsici infected plants at the site where the pathogen was expected to 
be active on the host. This would normally be on the stem or branches where there 
was a clear differentiation of dead tissue and living tissue categorised by a healthy 
green/brown colour, transitioning into a blackening colour change (Figure 5.3.B). 
Multiple stems were sampled from each infected plant (if present), wrapped up in a 
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paper tissue then inserted into a plastic bag for containment. This process was 
repeated for multiple suspected P. capsici infected crops. Samples were sent back to 
the EWINDO laboratory for isolation. 
Figure 5.2. Part of Indonesia. The locations where the infected pepper plants were sampled 
from. Lembang and Yogyakarta on Java Island and Lampung on Sumatra Island. 
 
Table 5.1. Descriptions of the three altitudes of farms visited around Indonesia and the 
average weather conditions. 
Location Altitude (meters) Average weather conditions 
Lowland <250 Very hot and dry 
Midland >250 and <1000 Humid and hot 








Figure 5.3. Sampling infected pepper plants in Indonesia (A: Left) A suspected P. capsici 
infected pepper plant (foreground, red arrow) (Lembang). (B: Right) Close up of a stem of a 
suspected P. capsici infected pepper plant (middle stem at the green/black transition indicated 
by the red arrow) (Lembang) 
 
5.2.2 Isolation of P. capsici from infected material 
Multiple scrapings of each infected stem sample (containing the transition between 
living and dead tissue) were cut from the samples. Two different methods of culturing 
were used (Figure 5.4). One method was to insert 3-4 scrapings into media on one 
plate, the other was to add one piece of plant material underneath media. Two different 
types of media were used; water agar and standard V8. 4/5 plates were set up for 
each sample. After 3-4 days stored in the dark at 25°C, the plates were sub-cultured 
onto fresh media plates. This was done by taking a small piece of mycelial growth from 
the initial plate and placing it underneath a fresh plate. After 3-4 days, the process was 




Figure 5.4. Two different methods of isolating P. capsici from infected scrapes on petri dishes. 
A: Three scrapings inserted into the media (V8). B: One infected scrape added underneath 
the media (V8). 
 
When clear of contamination and sufficient growth on the surface, plates were put in 
the light for 2-3 days at room temperature to induce sporangial growth. Plates were 
flooded with 10 ml ice cold water and spread with a sterile glass rod to dislodge 
sporangia and viewed under the microscope for identification of P. capsici spores and 
zoospores. Successful P. capsici isolates were identified by PCR using species-
specific primers (from PDP) in a wet lab PCR (set up described further in Chapter 2). 
5.2.3 Initial experiment set up conditions 
Four P. capsici isolates were used (AD84, Q108, LT1534 and AP154) in the large 
phenotyping assay with the pepper RIL population. The experiment was run in two 
batches, using two isolates at a time, due to limited greenhouse space. AD84 and 
Q108 were used in part 1 and LT1534 and AP154 were used in the part 2. Results 





5.2.4 Growth of RIL Population 
84 seeds were sown from each of the 200 accessions of the RIL population on rock 
wool plugs with vermiculite on top. After 3 weeks of growth, 40 viable plants per 
accession were transferred to a greenhouse where they underwent P. capsici infection 
assays. 10 plants from each line were put in a plastic container and water was added 
to the top of the wool plug. This was repeated for each P. capsici isolate – 1 pot of 10 
plants for each isolate of P. capsici.  If there were fewer than 10 plants available for 
each container, the plants were evenly sorted into groups. 
5.2.5 P. capsici culturing and preparation 
Four P. capsici isolates (AD84, Q108, LT1534 and AP154) were grown on V8 media 
in sterile conditions for five days in the dark at 25°C. After sufficient growth on the 
surface of the plate, the V8 media was cut in half and distributed between two empty 
petri dishes. Each half of the media was cut into smaller pieces and added to a fresh 
petri dish with 15 ml ice cold water to induce sporulation. These plates were incubated 
at 25°C in the light for 30 minutes. The water was removed and 15 ml fresh water was 
added. Plates were then returned to the light incubator for 24 hours. The plates were 
stored at 4°C for 1 hour to liberate the zoospores. The suspension was collected and 
the concentration was calculated and normalised to obtain 15,000 zoospores/ml 
inoculum.  
5.2.6 P. capsici inoculation 
2 ml of zoospore suspension inoculum was added to the water in each container and 
these containers were stored in the greenhouse. The phenotype of infected plants per 
container was recorded for each pepper accession on days 1, 5, 11 and 14. The plants 
were recorded as either “fully resistant” – showing no signs of infection, “lesions” – 
showing signs of initial infection (lesions and thinning base of stem) or “susceptible” – 
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wilted and collapsed. The results used to calculate the resistance percentage – the 
proportion of plants from each accession that showed no infection symptoms. For 
plants showing “lesion” symptoms (not dead, but showing infection symptoms) a 
correction calculation was included to the resistant percentage score: 
resistant percentage = (
𝑥×100
𝑦







 where x is the number of resistant plants at a chosen DPI, y is the total number 
of plants in accession tested and where z is the number of “lesion” plants at a chosen 
DPI. This calculation is in common use at EZ for phenotypic infection assays. 
5.2.7 RNA sequencing  
Stem bases from susceptible plants (OP177) at six days post inoculation (DPI) from 
each P. capsici isolate (LT1534, AD84, Q108 and AP154) were cut for RNA 
sequencing. 3cm regions of stem containing healthy and dead tissue were cut with a 
sterile blade, added to a 1.5ml Eppendorf and stored at -80°C. Four biological reps 
were collected from each of the four P. capsici isolates. RNA extraction was performed 
using the Machery-Nagel RNA isolation kit. Assessment of the quality and amount of 
extracted RNA was carried out by running the samples on a 1% agarose gel, a PCR 
with primers – one amplifying P. capsici (effector CRN 83_198 from PDP (Chapter 3)) 
and a housekeeping gene in pepper (glyceraldehyde-3-phosphate dehydrogenase, 
GAPDH) and running the samples on the Nanodrop and BioAnalyser. 
5.3 Results 
5.3.1 Indonesian field visits and sampling 
A total of 20 infected samples from three locations on two islands were brought to the 
laboratory for P. capsici isolation (Table 5.2). 
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Table 5.2. Metadata from the infected crop samples taken from Indonesian fields. 
Location Island Altitude Crop Variety Date sampled 
Lembang Java Midland Curly Pepper Unknown 26/04/18 
Lembang Java Midland Bird Pepper Unknown 26/04/18 
Lembang Java Midland Bird Pepper Unknown 26/04/18 
Lembang Java Highland Big Pepper Unknown 26/04/18 
Lembang Java Highland Big Pepper Unknown 26/04/18 
Lembang Java Highland Big Pepper MegaTop 26/04/18 
Lembang Java Highland Curly Pepper Serambi 26/04/18 
Lembang Java Highland Cucumber Roberta 26/04/18 
Lembang Java Highland Cucumber Roberta 26/04/18 
Yogyakarta Java Midland Bird Pepper Cempluk 30/04/18 
Yogyakarta Java Midland Bird Pepper Cempluk 30/04/18 
Yogyakarta Java Midland Bird Pepper Shypoon 30/04/18 
Yogyakarta Java Midland Bird Pepper Unknown 30/04/18 
Yogyakarta Java Midland Bird Pepper Unknown 30/04/18 
Yogyakarta Java Highland Curly Pepper Unknown 30/04/18 
Yogyakarta Java Highland Curly Pepper Unknown 30/04/18 
Yogyakarta Java Highland Curly Pepper Unknown 30/04/18 
Yogyakarta Java Highland Curly Pepper Unknown 30/04/18 
Lampung Sumatra Lowland Curly Pepper Unknown 03/05/18 




5.3.2 Low success rate in isolating P. capsici 
There was a low success rate from isolating P. capsici from suspected P. capsici 
infected samples. Samples were regularly sub-cultured underneath fresh agar to 
prevent contamination (Figure 5.4.B). When growth was first observed on the surface 
of the plate – usually after two or three days – a small fraction of media was taken and 
put under fresh media and allowed to grow. From the 20 suspected P. capsici infected 
samples gathered from fields across Indonesia, only one was confirmed to be P. 
capsici in the lab. Where the sporangia were observed through the microscope, the 
majority of the other isolates were contaminated and looked to have ascomycete 
spores. The single isolate was taken forward for PCR identification.  
5.3.3 A single isolate of P. capsici was successfully isolated from 
infected pepper plant 
PCR results with species-specific primers confirmed the suspected isolate to be P. 
capsici (Figure 3.4). The isolate was named AP154.  
5.3.4 Differences in RIL infection rates from P. capsici isolates  
The majority of the RIL population, including the positive and negative controls 
(susceptible Maor and resistant CM334 respectively) grew sufficiently well to provide 
10 plants per accession for each P. capsici isolate.  
Infection symptoms were observed at four time points, 1, 5, 11 and 14 days. The RIL 
accessions became susceptible in all P. capsici isolate groups as time progressed. 
Infection symptoms were first observed on day 5 in isolates, AD84 and AP154 and 
progressed to day 11 and 14. However, for isolates LT1534 and Q108, infection 
symptoms started to become apparent at day 11 and progressed at a slower rate than 
the other two isolates (Figure 5.5). More pepper accessions were susceptible to AD84 
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and AP154 than LT1534 and Q108. Susceptibility was also more severe in AD84 and 
AP154 than LT1534 and Q108, where symptoms were seen much earlier. 
 
Figure 5.5. Number of resistant pepper accessions in a RIL population over the course of the 
infection phenotype experiment with four P. capsici isolates at Enza Zaden.  
 
At day 14, the majority of LT1534 and Q108 infected RILs were resistant. Around half 
of the RILs infected with AD84 were susceptible, whilst AP154 infected RIL members 
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Figure 5.6. Numbers of resistant and susceptible pepper accessions after 14 DPI from P. 
capsici isolates. Blue indicates all plants in each accession showed no symptoms of infection. 
Orange indicates that at least one plant in each accession showed infection symptoms. 
Results shown are from one rep. 
 
5.3.5 Extracting RNA for RNAseq 
RNA was extracted from 16 stems (four biological replicates for four P. capsici 
isolates) from one susceptible pepper accession (OP177). The extracted RNA was 
found to be highly contaminated with DNA from P. capsici and pepper (Figure 5.7).  
 
Figure 5.7. PCR of RNA samples of P. capsici infected pepper stems with two primer sets A: 
PDP generated, species-specific primer CRN 83_198 B: GAPDH (glyceraldehyde-3-


























The suceptibility of pepper RIL accessions to P. 








5.4.1 EWINDO – Confirming the complex technique of isolating P. 
capsici from infected material 
From the 20 suspected samples of showing phenotypic evidence of P. capsici 
infection, I was able to successfully isolate a pathogen from only one sample in the 
laboratory on V8 media. Isolating P. capsici from infected plant material is a difficult 
procedure (Wang et al., 2009). Plants are naturally surrounded by an abundance of 
microbes – especially during infection. When grown on media, there is competition for 
growth from many different microbes. We found that the methods currently used at 
EWINDO to grow the pathogen on media were suboptimal compared to the sub-
culturing method we currently use (placing material underneath media). It was notable 
that considerably more bacterial and fungal growth was seen on isolation plates when 
infected material protruded from the media compared to adding it underneath media. 
This suggests that anaerobic competition was limited in comparison to aerobic 
competition. However, some pathogens including P. capsici, are able to grow through 
the media and spread across the plate. My observations led to the adoption of a 
modified protocol for P. capsici isolation at EWINDO.  
The majority of P. capsici isolation media plates in this project were observed to be 
contaminated with ascomycete spores, and so were discarded. A common method 
used to isolate P. capsici employs media supplemented with antibiotics to suppress 
growth of unwanted microbial species. One method to isolate Phytophthora species 
from field samples is to supplement media with PARP  (Morita and Tojo, 2007). 
Interestingly, media supplemented with PARP is also used to isolate Pythium species 
from plants and soil (Jeffers, 1986).  Although this is not 100% effective, it may have 
helped increase the likelihood of isolating P. capsici from more field samples.  
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5.4.2 P. capsici inoculation and phenotype infection assay 
There was a clear distinction between isolates in regards to infection rate and 
susceptibility on hosts. LT1534 and Q108 were the less aggressive compared to the 
other two isolates, AD84 and AP154. Although previously described as a field isolate, 
Q108 has been regularly used in the lab under controlled conditions for many years. 
Whereas AD84 and AP154 have been recently isolated from the field and have had 
less time to become accustomed to growth on media. The two isolates that were seen 
as less aggressive (LT1534 and Q108) are however regularly grown on media. Over 
a long period of time, it is hypothesised that pathogens may become less virulent when 
continually grown on media (Ansari and Butt, 2011) where pathogens do not have to 
compete or cause infection. The P. capsici reference isolate (LT1534) was the least 
aggressive isolate in this study. This isolate has been the focus for many genetic and 
phenotypic studies in labs across the world and may be attenuated beyond a point 
where it is useful to represent disease progression in the laboratory for emerging and 
current isolates. This raises the important question for pathogen researchers and 
industries; should we be focussing our efforts on isolates that do not show a true 
representation of what is occurring in the fields? Addressing this issue is key for future 
research and for breeders. Whether it involves storing our isolates differently (possibly 
continuous infections on hosts in place of storage on media), or selecting the isolates 
that we study, changes are required to keep up with real life pathogen biology in the 
field.   
Repeating the phenotype experiment with a subset of RIL accession and with more P. 
capsici isolates would be interesting for researchers and breeders. Infecting pepper 
RIL accessions of interest chosen by the breeders from the original experiment with 
an increased number of P. capsici isolates would be the next experiment to judge how 
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resistant the crops really are. In order to do this, we would need to successfully isolate 
P. capsici isolates from infected crops all over the world and infect the chosen 
accessions. This would not only help the breeders to identify possible resistant crops, 
but would give pathologists valuable information of population biology and could 
influence future studies. 
5.4.3 Genotyping may indicate novel QTLs for resistance  
Genome Wide Marker Assisted Selection (GMAS) genotyping is currently underway 
at EZ on the RIL pepper population. It would be interesting to observe if there are any 
novel QTLs associated with resistance, identified from the resistant RIL pepper 
accessions (especially from the AP154 dataset). Potential markers may indicate the 
presence of resistance genes that plant breeders might exploit to generate P. capsici 
resistant pepper varieties. Due to the large number of RIL accessions included in this 
study, limitations of experimental time meant that only four P. capsici isolates could be 
used in my experiment. With unlimited resources I would choose to select candidate 
RIL members of interest and repeat the experiment with an increased number of P. 
capsici isolates – preferably recently isolated field strains. Results may indicate or 
narrow the number of QTLs that may be of interest to the plant breeder.  
5.4.4 RNA sequencing – A follow up experiment 
A follow up experiment from the infection assay was to perform RNAseq on infected 
plant material to give an overview of gene expression during the early stages of 
infection. An attempt to extract P. capsici RNA from infected pepper stems resulted in 
very low quality and contamination of both P. capsici and pepper DNA. However, due 
to a failure to successfully retrieve RNA of sufficient amounts and quality from infected 
material, RNAseq was unfortunately not possible.  
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RNAseq on RNA obtained from infected tissue is not an easy step. Recent studies 
have shown that the majority of sequence data returned from RNAseq on infected 
tissue belongs to the host. As a small percentage of sequence data is derived from 
the pathogen, studies on pathogen gene expression are problematic (De Cremer et 
al., 2013). To mitigate the problems associated with low transcript levels, deep 
sequencing is often required. An attractive way around this issue is the use of target 
enrichment and subsequent Illumina sequencing. Recently, Pathogen enrichment 
sequencing (PenSeq) methodologies have been established in Dundee that could be 
used for gene expression profiling (Thilliez et al., 2019). Given that PenSeq has only 
been used with genomic DNA thus far, development and optimisation of protocols that 




















Chapter 6 General Discussion 
 
6.1 The need for a better diagnostic tool 
Plant pathogens cause an estimated loss of $2000 billion US dollars per year 
worldwide (Tewari, 2018). This includes crop losses and longer lasting effects, such 
as soil requiring remediation. The ability to successfully diagnose a pathogen from the 
field is essential to administer an effective treatment in order to prevent or minimise 
crop losses. Therefore, a successful diagnosis not only saves the farmer time and 
money but will also ultimately help provide enough food for the ever-growing 
population. 
Phytophthora capsici has the potential to wipe out entire crops. However, current 
diagnostic methods do not meet the standards required to confidently confirm the 
species or isolate that is responsible for a given outbreak. For example, current 
diagnostic primers amplifying the ITS1 region cannot discriminate between P. capsici 
and P. tropicalis (Chapter 2) (Silvar, 2005). Other methods including morphological 
determination can be laborious and often require highly experienced technicians. An 
efficient and successful diagnostic tool would be beneficial for both industries and 
farmers.  
In this thesis I set out to improve on the current P. capsici diagnostic method by using 
two computational pipelines to design species and isolate-specific markers that could 
be used as a target for a PCR based diagnostic approach. I also set out to improve 
the existing P. capsici genome by sequencing using Illumina, MinION and PacBio 
sequencing technologies. The current reference genome is not of great quality with 
missing regions and multiple scaffolds. Also, the sequencing technology used to 
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construct the P. capsici genome make it very difficult to process large, repetitive 
regions compared to modern technology (MinION and PacBio). 
It was clear from visiting affected farms and laboratories around the world, that 
developing a P. capsici diagnostic tool that can be used routinely with little technical 
ability, would be the ideal solution. In order to achieve this, the genomes of multiple P. 
capsici isolates were sequenced using a variety of different methods. After identifying 
isolate and species-specific genomic markers from two computational pipelines, 
primers are designed and diagnosis can be confirmed using PCR. This thesis explains 
in detail, the development, testing and validation of two computational pipelines that 
design isolate and species-specific genomic markers. The process and methodology 
of sequencing P. capsici isolates using a variety of different methods is also discussed.  
6.2 OEDs designs species-specific primers  
For general PCR based diagnosis methods, the main problem is selecting a target 
sequence that can differentiate between species/isolates. For diagnostics as a whole, 
there are very few primer sets available for successful PCR based diagnosis method. 
Examples of commonly used targets for PCR based diagnosis are the ITS1 region, 
16S and 23S ribosomal RNA genes and known housekeeping genes (Kong et al., 
2001, Dreier, 2019b). However, these targets are not always reliable for a species-
specific diagnosis due to similarities with closely related species, as seen in this study. 
There are a number of computational pipelines available that aid in selecting different 
targets from genomic data for a successful diagnosis. For example, Rodrigues-Luiz et 
al. (2017) designed species-specific primers around single sequence repeats (SSR) 
that flank orthologue genes in closely related species. The first computational pipeline 
described in this thesis, OEDs, was constructed to design species-specific markers to 
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be used for a PCR based diagnosis method. The primers were designed from 
conserved regions identified from sequences obtained from four P. capsici isolate 
genomes (LT1534, AD84, Q108 and Y006). These regions were filtered to exclude 
any conservation with other, off-target species (other Phytophthora species), then 
primers were designed within candidate P. capsici-specific regions. In silico PCR 
discarded any primers that amplified off-target species and that were not picked up by 
the pipeline filtering stage. Wet lab validation confirmed the primers specificity and 
sensitivity.  
OEDs was successful in designing a large number of species-specific primers 
(considerably more than what is available for P. capsici). The wet lab PCRs with 
primers generated from OEDs were successful for P. capsici specificity. The primers 
need to be tested further with more isolates of P. capsici and other off-target species 
to improve the specificity and sensitivity. However, initial results are very promising 
with some primers able to differentiate between P. capsici and P. tropicalis – two very 
closely related species – without any P. tropicalis sequence data. Another method to 
improve our primer output in terms of specificity and sensitivity is to incorporate more 
sequence data – both target and off-target data. More P. capsici isolates will refine the 
identified conserved regions and more off-target genomes (including P. tropicalis) will 
help reduce the number of regions that are found in multiple species – therefore, not 
P. capsici specific. OEDs has great potential to be used with other pathogens to design 
multiple species-specific primer sets for diagnosis. 
6.3 PDP designs isolate and species-specific primers 
Similarly to OEDs, PDP also generates diagnostic primer sets. PDP was adapted from 
Pritchard et al. (2012), where diagnostic primer sets were designed for an isolate of E. 
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coli responsible for an outbreak on cucumber. Using three draft genomes from three 
P. capsici field isolates sequenced with Illumina MiSeq and the existing P. capsici 
reference genome, we were able to generate 20-30 primer sets per isolate, predicted 
to be isolate-specific. PCR validation of these primer sets was not successful. This 
may be due to the lack of genome coverage from the input genome data. The three 
draft genomes of P. capsici had between 40-50% reference genome coverage. With 
sequence data missing, the pipeline may predict regions that are isolate-specific, but 
may be also found in a second isolate resulting in a false positive. 
We ran PDP again with draft genomes from PacBio data, showing 70-80% genome 
coverage, to see if improved assemblies would have an effect of the number and 
quality of primers predicted. Primers predicted with PacBio data should be more 
isolate-specific than the ones from the original data (Illumina MiSeq), due to the 
inclusion of an increased genome coverage (more of the genome sequence available): 
although wet lab PCR assays validating this hypothesis are yet to be performed. It 
would also be interesting to identify if there are any isolate-specific primers designed 
from the MiSeq PDP run in the PacBio PDP output. These primers may have originally 
thought to be isolate specific but with the inclusion of more sequence data to improve 
the genome coverage, this might not be the case with the primers amplifying more 
than one isolate. Further analysis is required to assess the impact that inclusion of the 
PacBio data had on the PDP output. 
6.4 Sequencing P. capsici – challenges and adaptations 
In chapter 4, we sequenced various P. capsici isolates using different methodologies. 
Before this project, the reference isolate LT1534 was the only publicly available 
genome of P. capsici. Due to a range of issues with the reference isolate (described 
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further in Chapter 4), we attempted to improve the reference sequence using third 
generation sequencing with the MinION portable sequencer (Oxford Nanopore 
Technology). In theory, the long reads from the MinION would be used in conjunction 
with the short reads from the original publication in a hybrid assembly approach. It is 
becoming common practice to use existing, high quality, short reads (NGS) to map to 
and boost the coverage and quality of the long reads (third-generation) (Karl et al., 
2017, Gulvik et al., 2019, Chalupowicz et al., 2019). However, the technical aspects 
of preparing, loading and running the sample using the MinION were complex and 
intricate with little margin for error. Although our results improved after each 
sequencing run, the reads generated were not of sufficient length or quantity to use in 
a hybrid assembly. Moreover, combining all of our read data from all six runs into one 
assembly remained insufficient in regards to sequence length and genome assembly 
quantity. This prompted us to seek alternative sequencing methods. 
PacBio, similarly to the MinION, promises high throughput and long reads. Novogene 
(HK) undertook the library preparation and sequencing of three P. capsici isolates 
(LT1534, AD84 and AP154) from HMW DNA using the PacBio Sequel platform. Using 
an external company that specialises in PacBio sequencing would minimise the 
technical errors we experienced using the MinION device. Initial statistics from 
Novogene (Chapter 4) showed that the sequence data for the reference isolate 
(LT1534) was not as good as the two other isolates (AD84 and AP154) – both 
aggressive field isolates. De novo assembly using Canu was far better than the 
sequence data from the MinION and the initial Illumina MiSeq in terms of genome 
coverage and average length of contigs (Chapter 4). The two field isolates were similar 
in regard to initial read statistics and de novo assembly statistics. The decision was 
made to run a bioinformatic pipeline (PDP) with the three PacBio assemblies to 
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observe the difference in output between both sets of input data (Illumina MiSeq and 
PacBio data).  
6.5 Recently isolated P. capsici isolates are more aggressive than 
regular used lab isolates 
An interesting result from the large phenotyping experiment at Enza Zaden (EZ) was 
that the recently isolated P. capsici isolates were more aggressive, causing disease 
symptoms in pepper much faster and more efficiently than regularly used laboratory 
isolates. As P. capsici researchers, we focus much of our work on understanding the 
biology behind the mechanisms that underpin the infection process on host plants. 
This research is usually performed with the reference isolate, from which genetic data 
is derived. Our results (Chapter 5) showed the reference isolate performed poorly in 
infecting and causing disease in the majority of pepper plants in the recombinant 
inbred line (RIL) population. This could be due to a number of factors: do recently 
isolated P. capsici isolates contain novel or undiscovered effector proteins able to 
break host resistance? What is the effector repertoire of these aggressive isolates? 
Has the reference isolate lost the ability to infect due to lack of continual infection on 
hosts and regular sub-culturing on media in the lab? i.e. has the reference isolate 
become “lazy”? This raises an important question for P. capsici future research 
regarding the relevance of the currently studied isolate; should P. capsici studies focus 
on and be performed with an isolate that does not have the ability to cause disease in 
a real life environment? Future research should therefore focus on recent and more 
aggressive isolates rather than the existing reference, using phenotypic and sequence 
data from this study.  
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6.6 Future work 
An important next step in this project is to combine the PacBio data for LT1534 with 
the existing genome sequence to construct a hybrid assembly to improve the current 
P. capsici reference genome. Combining the long reads and high quality short reads 
has proven to be beneficial for other organisms (Karl et al., 2017, Gulvik et al., 2019). 
However, phenotyping results carried out at EZ, showing that the reference isolate 
was poorly performing infection compared to more recently isolated P. capsici isolates, 
suggest that the former may not be best suited to pursue as the standard “reference”. 
A possible approach would be to choose an isolate that currently causes disease in 
the field as a representative “reference” such as AD84 (Isolated in China in 2015) 
which has proven to be aggressive and which we also have Illumina and PacBio 
sequence data. A hybrid assembly using both sets of sequence data would give 
researchers a genomic bases for further studies on a recently isolated field isolate 
capable of causing infection as opposed to the current reference isolate (LT1534). 
Although both pipelines produce diagnostic primers, the methodology differs between 
them. PDP was previously published and designs primers for multiple genomes of 
interest, then filters according to similarities with other isolates included. On the other 
hand, OEDs creates genomes from read data using mapping and de novo assembly, 
then identifies species-specific regions before designing primers within those regions. 
Comparing the outputs from both pipelines would be interesting: is there any overlap 
between the outputs in terms of genomic regions selected? Are those regions within 




To make the output of the pipelines more sensitive and specific, a number of factors 
could be considered. First, increasing the number of P. capsici isolate genomes 
included in the pipelines will ensure true differentiation between isolates in isolate-
specific primers. Secondly, including many off-target species (including other 
Phytophthora species and oomycetes) will ensure the primers are truly species-
specific, amplifying only the target organisms. It was clear from the wet lab validation 
of both OEDs and PDP that some primers, thought to be P. capsici specific, amplified 
P. tropicalis. Therefore, it is highly recommended that off-target species should include 
closely related ones, such as P. tropicalis for future pipeline runs. Incorporating this 
sequence data will help differentiate between the two species during the pipeline 
rather than producing false positive primer sets.  Finally, wet lab PCR validation should 
be carried out to test the generated primers against both target and off-target species. 
The validation should also be repeated to warrant robust diagnostic primer sets. 
6.7 Concluding Remarks 
As current methods of diagnosing P. capsici outbreaks in the field are time-consuming, 
expensive, reliant on expertise and overall not efficient, a different diagnostic tool was 
required to help prevent the further spread of the disease. I have developed and 
validated one computational tool that can rapidly design diagnostic primers for 
(emerging) eukaryotic pathogens. I have also utilised a previously published pipeline 
that can design discriminatory primers within a species. Although additional sequence 
data and further wet lab validation with other P. capsici and off target organisms are 
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    if len(worker.fastQFileList) > 2: 
        fastQPairs = len(worker.fastQFileList) - 1 
        i = 0 
        while i < fastQPairs: 
            mapper = ReadAligner.Bowtie2(worker.fastQFileList[i], 
worker.fastQFileList[i + 1], 
                                         worker.refGenomeList[0], 
options.output_filepath) 
            worker.mapperClass.append(mapper) 
            mapper.start() 
            i += 2 
    else: 
        mapper = ReadAligner.Bowtie2(worker.fastQFileList[0], 
worker.fastQFileList[1], 
                                     worker.refGenomeList[0], 
options.output_filepath) 
        worker.mapperClass.append(mapper) 
        mapper.start() 
    for mapper in worker.mapperClass: 
        mapper.join() 
    for mapper in worker.mapperClass: 
        bamWorker = ReadAligner.BamTools(mapper.samFile, mapper.referenceDB) 
        bamWorker.start() 
        worker.bamClass.append(bamWorker) 
 
    for bamWorker in worker.bamClass: 
        bamWorker.join() 
 
    for bamWorker in worker.bamClass: 
        visualisationTool = VisualisationTools(bamWorker.samFile) 
        visualisationTool.start() 
        worker.visualisationClass.append(visualisationTool) 
 
    for visualisationTool in worker.visualisationClass: 
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        visualisationTool.join() 
 
    mapperPrimer = PrimerDesign.PrimerDesignByMapping() 
    for visualisationTool in worker.visualisationClass: 
        mapperPrimer.generateCoords(visualisationTool.depthPerPos) 





    if len(worker.fastQFileList) > 2: 
        fastQPairs = len(worker.fastQFileList) - 1 
        i = 0 
        while i < fastQPairs: 
            assembler = Assemblers.Spades(worker.fastQFileList[i], 
worker.fastQFileList[i + 1], options.output_filepath) 
            worker.assemblerClass.append(assembler) 
            assembler.start() 
            i += 2 
    else: 
        assembler = Assemblers.Spades(worker.fastQFileList[0], 
worker.fastQFileList[1], options.output_filepath) 
        worker.assemblerClass.append(assembler) 
        assembler.start() 
    contigs = "" 
    for assembler in worker.assemblerClass: 
        assembler.join() 
        contigs += assembler.outputDir + " " 
    thread = threading.Thread(Assemblers.Assemblers.quast(contigs)) 
    thread.start() 
    Main.Main.threadList.append(thread) 
    contigs = contigs.split(" ") 
    nucmerList = list() 
    for contig in contigs: 
        if len(contig) > 0: 
            nucmerRun = NUCmer.NUCmerRun(contig) 
            nucmerRun.start() 
            nucmerList.append(nucmerRun) 
            Main.Main.Contigs.append(contig) 
    for nucmerRun in nucmerList: 
        nucmerRun.join() 
    denovoPrimer = PrimerDesign.PrimerDesignByDenovo() 
    for contig in contigs: 
        if len(contig) > 0: 
            denovoPrimer.readCoords(contig) 





    nucmerList = list() 
    for contig in contigs: 
        if len(contig) > 0: 
            nucmerRun = NUCmer.NUCmerRun(contig) 
            nucmerRun.start() 
            nucmerList.append(nucmerRun) 
    for nucmerRun in nucmerList: 
        nucmerRun.join() 
    denovoPrimer = PrimerDesign.PrimerDesignByDenovo() 
    for nucmerRun in nucmerList: 
        contig = nucmerRun.contigs 
        if len(nucmerRun.contigs) > 0: 
            denovoPrimer.readCoords(contig) 
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            Main.Main.Contigs.append(contig) 
    return PrimerDesign.PrimerDesign.runIntersect(denovoPrimer.coordsFile, 
"/denovoPoI.gff") 
 
Main.Main.logger.info("Welcome to OEDS! please enjoy this piece of software, and 
RTFM!") 





    configFile = 
open(os.path.dirname(os.path.abspath(inspect.getfile(inspect.currentframe())))+"/Ad
ditionalScripts/.config.conf") 
    for i, line in enumerate(configFile): 
        if "DEFAULT" in line: 
            Main.Main.ExternTool.insert(i, externTools[i]) 
        else: 
            Main.Main.ExternTool.insert(i, line.rstrip()) 
else: 
    Main.Main.ExternTool = externTools 
    Main.Main.logger.warning("The system might experience problems. Please run 
config.sh before running OEDS to make sure the depencencies are installed 
correctly.") 
 
for item in Main.Main.ExternTool: 
    print item 
fastQFileList = [] 
refGenomeList = [] 
 
parser = optparse.OptionParser() 
parser.add_option('-o', '--output', 
                  dest="output_filepath", 
                  default="workDir", 
                  help="Output directory for all the subfiles like sam, bam and 
fasta files" 
                  ) 
parser.add_option('-r', '--resultOutput', 
                  dest="result_filepath", 
                  default="resultDir", 
                  help="Result directory for all the results like coverage plots 
and primer outputs" 
                  ) 
parser.add_option('-Q', '--fastQ', 
                  dest="fastQFile", 
                  action="append", 
                  help="All the fastQ files (if pairwise data, input first the 
first file, and then the second file)" 
                  ) 
parser.add_option('-g', '--Genome', 
                  dest="Genomes", 
                  action="append", 
                  help="Reference genomes. each of this genome will be used in the 
program, only fasta format!" 
                  ) 
parser.add_option('-G', '--GFFFile', 
                  dest="gffFile", 
                  help="GFF file. Make sure the chromosomes/scaffold have the same 
name as the reference genome!") 
parser.add_option('-R', '--refGenome', 
                  dest="refGenome", 
                  help="Reference genome file. The reference genome should be as 
closely related to the read data" 
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                       " as possible" 
                  ) 
parser.add_option('-C', '--contigs', 
                  dest="contigs", 
                  action="append", 
                  help="Full address to the contigs from a de novo assembly" 
                  ) 
 
options, args = parser.parse_args() 
 
if not options.refGenome: 
    print "No reference genome added, please use -R or read the github readme for 
more information" 





    Main.Main.gffFile = options.gffFile 
else: 
    Main.Main.gffFile = None 
Main.Main.workDir = options.output_filepath 
Main.Main.resultDir = options.result_filepath 
Main.Main.threadList = list() 
worker = Main.Main() 
worker.openRefGenomes(options.Genomes, options.refGenome) 
worker.openFastQFiles(options.fastQFile) 
threadList = list() 
for fastQFile in worker.fastQFileList: 
    workLine = "fastqc " + Main.Main.fastQAdd + fastQFile + " -o " + 
Main.Main.resultDir + " -q --noextract" 
    thread = threading.Thread(Main.Main.execute(workLine, "Generating fastQC 
reports in the background")) 
    thread.start() 
    Main.Main.threadList.append(thread) 
 
preRun = list() 
methodList = list() 




    Main.Main.externContig = True 
    thread = threading.Thread(methodList.append(DeNovoContig(options.contigs))) 
else: 
    thread = threading.Thread(methodList.append(DeNovoPreRun())) 
thread.start() 
preRun.append(thread) 
for thread in preRun: 






methodList[2]], Main.Main.workDir + 
                                                               
"/MapperUnique.gff")) 
methodList.append(PrimerDesign.PrimerDesign.runMethodSubstract([methodList[1], 
methodList[2]], Main.Main.workDir + 




genome = PrimerDesign.PrimerDesign.readRefGenome(Main.Main.genomeAdd + 
Main.Main.refGenomeList[0]) 
blastList = list() 
for PipMethod in methodList: 
    fastaFile = PipMethod.rstrip()[:-3]+"fa" 
    PrimerDesign.PrimerDesign.saveFasta(fastaFile, 
PrimerDesign.PrimerDesign.readGFF(PipMethod, genome)) 
    blastList.append(fastaFile) 
 
otherGenomes = copy.copy(Main.Main.refGenomeList) 
del otherGenomes[0] 
blastThread = list() 
allAlias = "" 
for genome in otherGenomes: 
   Blast.makeDatabase(str(genome), Main.Main.workDir) 
   allAlias += Main.Main.workDir + "/" + genome + " " 
allAlias = allAlias.rstrip() 
Blast.aliasTool(allAlias, Main.Main.workDir) 
for blastItem in blastList: 
    blastResult = Blast(blastItem, otherGenomes) 
    blastResult.start() 
    blastThread.append(blastResult) 
 
for blastItem in blastThread: 
    blastItem.join() 
genome = PrimerDesign.PrimerDesign.readRefGenome(Main.Main.genomeAdd + 
Main.Main.refGenomeList[0]) 
for contig in Main.Main.Contigs: 
    genome = 
PrimerDesign.PrimerDesign.getSNPtoN(PrimerDesign.PrimerDesign.readSNPDen(contig+".s
nps", ""), genome) 
for file in os.listdir(Main.Main.workDir): 
    if file.endswith(".vcf"): 
        genome = 
PrimerDesign.PrimerDesign.getSNPtoN(PrimerDesign.PrimerDesign.readSNPMap(Main.Main.
workDir+"/"+file, ""), genome) 
for k, blastItem in enumerate(blastList): 
    item = blastItem.rstrip()[:-2] 
    thread = threading.Thread(PrimerDesign.PrimerDesign.generatePrimer3Input( 
        item+"primSets", PrimerDesign.PrimerDesign.readGFF(item+"unique.gff", 
genome))) 
    thread.start() 
    Main.Main.threadList.append(thread) 
 
for thread in Main.Main.threadList: 
    thread.join() 
 
Main.Main.logger.info("Thank you for using OEDS. For further validation and 
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